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A 
Resumen 
  
Este Trabajo de Fin de Máster (TFM) forma parte del proyecto “Enabling 5G” 
llevado a cabo por el Grupo de Radiación de la Escuela Técnica Superior de Ingenieros 
de Telecomunicación (ETSIT). Dicho proyecto se centra en la exploración de bandas de 
frecuencias que no están actualmente en uso, pero que pueden ser una alternativa para 
el desarrollo futuro de las comunicaciones 5G. Una de estas soluciones pasa por utilizar 
la banda en torno a los 60 GHz (57-64 GHz) para la distribución de servicios 
multimedia, lo cual hace necesario el estudio y desarrollo de nuevos modelos de 
propagación y tecnologías radio en bandas milimétricas (30-300 GHz). 
 
El objetivo de este trabajo es diseñar, simular antenas planas a 60 GHz. Para ello, 
se empleará la tecnología clásica de “microstrip patch antenas” utilizando diferentes 
tipos de materiales para poder elegir la mejor solución en el campo de las aplicaciones 
5G. En particular, a lo largo del proyecto se comparan los substratos comerciales de 
Rogers Corporation con los materiales cerámicos (LTCC), surgidos recientemente para 
la fabricación de circuitos multicapa de bajas pérdidas en alta frecuencia. 
 
La metodología prevista incluye el diseño teórico y simulación electromagnética del 
elemento radiante, la red de alimentación y la transición de coaxial a microstrip para 
diferentes tamaños de array a 60 GHz. El diseño y la simulación de los diferentes 
prototipos se realizarán teniendo en cuenta las limitaciones que presenta el proceso de 
fabricación en cada caso. Finalmente, se fabricarán los prototipos más prometedores y 
se alcanzarán una o varias conclusiones sobre las mejores opciones para utilizar este 
tipo de tecnología en banda de 60 GHz. 
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C 
Summary 
 
This Master's Thesis is performed in the context of the "Enabling 5G" Project, which 
is led by the Radiation Group (GR) of the Escuela Técnica Superior de Ingenieros de 
Telecomunicación of Universidad Politécnica de Madrid (ETSIT-UPM). This particular 
project focuses on the exploration of currently unused frequency bands that could be 
the future of 5G communications. One of these solutions consists of using the 60-GHz 
band (57-64 GHz) for multimedia services distribution. This approach demands the 
introduction of new propagation models and radio technologies optimized for 
millimeter-wave frequencies (30-300 GHz). 
 
The ultimate objectives of this Thesis are the design and simulation of planar array 
antennas at 60 GHz. To this end, traditional microstrip patch antenna technology will 
be studied and compared in order to choose the best solution for the field of 5G 
applications. In particular, Rogers Corporation's commercial substrates will be 
compared to the novel ceramic materials known as LTCC, which are optimized for low-
loss high-frequency multilayer circuit design. 
 
The proposed methodology includes the theoretical design and electromagnetic 
simulation of the radiating element, the array feed network and the coaxial-to-
microstrip transition for different array sizes at 60 GHz. Design and simulation of the 
different prototypes will be carried out considering the limitations that each case 
presents in the manufacturing stage. Finally, the most promising prototypes will be 
fabricated and characterized, and a conclusion will be reached on which are the best 
options for using this antenna technology in the 60-GHz band. 
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 CHAPTER I: INTRODUCTION AND 
OBJECTIVES 
 
1.1. Introduction 
 
Mobile communications have been and are the field of telecommunications that 
suffers the greatest evolution over recent years. At the beginning, the first mobile 
technologies did not support a large number of users, but they have evolved to the point, 
that the 3G network coverage reaches 99.4% of the population in Spain, the 4G network 
coverage, 91.3% and there are 109.9 mobile lines for every 100 inhabitants. [1] 
 
The first technologies conceived for mobile telephony were analog and only allowed 
voice transmissions. The standards for this first generation of wireless 
communications(1G) were deployed in the 1980s and technologies and protocols were 
significantly different in each country. In Spain, the Total Access Communication 
System (TACs) were able to transmit voice in an analog format using FDMA (Frequency 
Division Multiple Access), in which each user occupies all the channel bandwidth, 
which limits to a great extent the number of users in the system. 
 
The second generation of wireless communications (2G) was launched in Europe 
under the GSM (Global System for Mobile Communication) standard. It basically 
differed from the previous technologies in the transmission format, which was now 
digital, facilitating more efficient user allocation through time-frequency multiplexing 
(TDMA/FDMA) and allowing the first basic data services. GSM technology evolved over 
time to GPRS (General Packet Radio System) and EDGE (Enhanced Data Rates for 
GSM Evolution), that were denominated 2.5G and allowed faster data rates. [8,9] 
 
The third mobile generation (3G), in Europe the UMTS (Universal Mobile 
Telecommunications System) standard, meant a major technological change, since a 
new radio access approach was proposed: CDMA (Code Division Multiple Access). This 
technology offered a theoretical download speed in optimal conditions of up to 2Mbps, 
which allowed Internet access, roaming and interoperability between different 3G 
networks. UMTS also suffered different evolutions, namely HSDPA (High Speed 
Downlink Packet Access) and HSUPA (High Speed Uplink Packet Access), which 
reached tens of Mbps in downlink speed. [8,9] 
                                                PLANAR ANTENNA ARRAY ON LTCC AND ROGERS SUBSTRATE FOR 5G APPLICATIONS  
 
3 
The fourth mobile generation (4G) was introduced with LTE (Long Term Evolution), 
which is a standard for high-speed wireless communication for mobile devices and data 
terminals. This standard evolved from GSM/EDGE and UMTS/HSPA towards an 
extremely flexible structure based on the use of OFDMA (Orthogonal Frequency 
Division Multiple Access) which improved rate efficiency thanks to the dynamic and 
adaptive allocation of time-frequency resources and MIMO (Multiple-Input Multiple-
Output) techniques. It offers 300Mbps of downlink data rate in ideal conditions, reduces 
the latency with respect to 3G and it offers all the services over IP (Internet Protocol). 
LTE-A (LTE Advanced) is an evolution of LTE and it offers improvements in term of 
downlink and uplink data rates and resource efficiency. LTE-A is compliant with the 
ITU specifications for the fourth generation of mobile communications and its 
deployment has been progressive. [2] 
 
 
Figure 1.1-1 Evolution of mobile communications. [33] 
 
1.2. Needs for 5G 
 
The fifth mobile generation (5G) will bring new unique service capabilities for 
consumers but also for new industrial stakeholders (e.g. vertical industries, novel forms 
of service providers or infrastructure owners and providers). All evolutions point us to 
5G within a few years according to the frequency of evolution. An evolution that offers 
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higher binary rates than LTE-A that is around 1 Gbps. However, market requirements 
are not only limited to this aspect, but this fifth generation is required to converge all 
the connected elements increasing in number to a single common network. This 
network would have a high density of connected terminals very different from each 
other, offering capacity, coverage and electrical consumption content. [8,9] 
 
Firstly, it will ensure user experience continuity in challenging situations. HD video 
or teleworking will be commonplace and available anywhere, regardless of if the user 
is in a dense area like a stadium or a city center, or in a village, a high-speed train or 
an airplane. 5G Systems will provide user access anywhere and will transparently 
select the best performance 5G access for the user among heterogeneous technologies 
like Wi-Fi, 4G and new radio interfaces. The choice of the best performing access will 
not only be based on throughput but also on the most relevant metrics depending on 
the nature of the service (e.g. latency …) 
 
In addition, 5G will be a key enabler for the Internet of Things (IoT) by providing 
Internet connection to a massive number of objects. Sensors and actuators will spread 
everywhere. Since sensors and actuators require very low energy consumption to save 
battery lifetime, the network will have to support this effectively. Objects, users and 
their personal network, whether body-worn or in a household, will be producers and 
consumers of data. Future smart phones, drones, robots, wearable devices and other 
smart objects will create local networks, using a multitude of different access methods. 
5G will allow all these objects to connect independently from a specific available 
network infrastructure.  
 
Figure 1.2-1 Internet of Things (IoT).  
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Furthermore, some mission critical services will become feasible natively on the 5G 
infrastructure thanks to the unprecedented performance achievable on demand. It will 
cover services which were handled by specific networks for reliability reasons such as 
public safety. It will also cover new services requiring a real responsiveness such as 
Vehicle-to-Vehicle or Vehicle-to-Road services paving the way towards the self-driving 
car, factory automation or remote health services. The following figure shows a 
proposed 5G network architecture performed by the 5G Infrastructure Public Private 
Partnership (5G-PPP). [3] 
 
Figure 1.2-2 5G networks and services vision[3]. 
1.2.1. Frequency bands under study for 5G  
 
Recently, considerable research has been carried out by various organizations on a 
global scale on feasibility of IMT (International Mobile Telecommunications-Advanced) 
in spectrum above 6 GHz. The corresponding results have been presented at various 
workshops and conferences. In particular, several presentations were made during the 
‘workshop on research views of IMT beyond 2020’ hosted by the ITU in February 2014. 
During this workshop, most research organizations expressed their interest in utilizing 
higher frequencies for IMT and mobile broadband usage. It is expected that usage of 
higher frequencies will be one of the key enabling components of future IMT. [4] 
 
Specific candidate spectrum for mobile communication in higher frequency bands is 
yet to be identified by the ITU-R or by individual regulatory bodies. The mobile industry 
remains agnostic about particular choices, and the entire frequency range up to 
approximately 100 GHz is under consideration at this stage, although there is 
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significant interest in large contiguous allocations that can provide dedicated and 
licensed spectrum for use by multiple competing network providers. [4] 
 
Spectral bands relevant for 5G wireless access therefore ranges from below 1GHz 
up to approximately 100GHz, as Figure 1.2-3 shows.  
 
Figure 1.2-3 Spectrum relevant for 5G wireless access. 
 
Lower frequencies, below 30 GHz, are preferred from the point of view of 
propagation properties. At the same time, very large amounts of spectrum and the 
possibility of wide transmission frequency bands of the order of 1 GHz or more are more 
abundant above 30 GHz.  
 
It is important to understand that high frequencies, especially those above 10 GHz, 
can only serve as a complement to lower frequency bands, and will mainly provide 
additional system capacity and very wide transmission bandwidths for extreme data 
rates in dense deployments. Spectrum allocations at lower bands will remain the 
backbone for mobile-communication networks in the 5G era, providing ubiquitous wide-
area connectivity. [3-5] 
 
The World Radio Conference (WRC)-15 discussions have resulted in an agreement 
to include an agenda item for IMT-2020, the designated ITU-R qualifier for 5G, in WRC-
19. The conference also reached agreement on a set of bands that will be studied for 5G, 
with direct applicability to next. Many of the proposed bands are in the millimeter wave 
region and include:  
 
x 24.25 GHz to 27.5 GHz 
x 37 GHz to 40.5 GHz 
x 42.5 GHz to 43.5 GHz 
x 45.5 GHz to 47 GHz 
x 47.2 GHz to 50.2 GHz 
x 50.4 GHz to 52.6 GHz 
x 60 GHz to 76 GHz  
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x 81 GHz to 86 GHz 
which have allocations to the mobile service on a primary basis and 
x 31.8 GHz to 33.4 GHz 
x 40.5 GHz to 42.5 GHz 
x 47 GHz to 47.2 GHz 
which may require additional allocations to the mobile service on a primary basis. [5] 
 
The IEEE Standard 802.11ad-2012 provides a suite of features that can meet the 
demands of the new usages and applications envisioned for Multiple Gigabit Wireless 
Systems (MGWS), including:  
 
x Support to data transmission rates up to 7 Gbit/s.   
x Supplements and extends the 802.11 medium access control (MAC), 
supporting both scheduled access and contention-based access. 
x Enables both the low power and the high-performance devices, guaranteeing 
interoperability and communication at gigabit rates.   
x Supports beamforming, enabling robust communication at distances beyond 
10 metres.   
x Supports advanced security using the Galois/Counter Mode (GCM) of the 
AES encryption algorithm and advanced power management.   
x Supports fast session transfer among 2.4 GHz, 5 GHz and 60 GHz, which is 
known as multi-band operation.  
 
1.2.2. Candidate Technologies for 5G  
 
To meet dramatic traffic growth over the next decade, 5G mobile networks are 
expected to achieve higher capacity increases than 4G networks, with considerably 
higher data rates. This objective can be accomplished with: [6] 
x Dense small cell deployment 
x Utilization of the millimetre-wave band 
x Massive MIMO and beamforming.  
1.2.2.1. Dense Small Cell Deployment 
 
Dense small cell deployment is necessary to offload macrocells and improve signal 
power. Small cells can be employed indoors or outdoors and offer a simple, cost-effective 
solution to network capacity issues resulting from the massive growth in mobile traffic. 
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Small cells must be deployed with a limited cell radius to help reuse the spectrum 
(increase spectral efficiency) and increase the network capacity (as the network 
resources increase).  
 
One problem here is the significant increase in the handoff rate. Users’ continuous 
movement from one small cell coverage area into another will create too many or 
unnecessary handovers. Mobile stations must move to and from many hotspots, which 
can lead to an increase in handover failure and call drops. This problem will be a point 
of concern as small cell deployment becomes denser.  
 
To minimize the handoff rate in future 5G heterogenous networks, control/user 
plane (C/U plane) splitting can be used. Basically, C/U plane splitting enables mobile 
terminals to receive system information, issue access requests to a base station, and 
get assigned radio resources for high- rate data transmission at a different base station. 
Signaling and data services can be provided by specialized base stations or 
implemented as separate and independent services into the same physical equipment. 
In the case of heterogeneous networks, a possible approach is to have the macro base 
station provide the signaling service for the whole area in a licensed, low-frequency 
band (legacy < 3 GHz), while the millimeter-wave small cells (phantom cells) specialize 
in data resources for high-rate transmission with light control overhead and 
appropriate air interface. This would further reduce control signaling due to high 
handovers between small cells and macrocells, or among small cells.  
 
A second potential challenge is intercell interference. The dense deployment of 
small cells will increase interference from nearby cells. Moreover, the uncontrolled 
deployment of small cells could lead to uncontrolled cell shape, in which network 
operators have little control over the small cell’s location.  
 
1.2.2.2. Millimetre-wave Frequency Band 
 
The overwhelming majority of communication systems are already operating in the 
microwave band (MW) below 3 GHz, due to its favorable propagation characteristics. 
This makes the MW band too scarce. 5G can address such bandwidth scarcity as 
follows.[6] 
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When higher network capacity and connectivity are required, additional spectrum 
is also required. Moreover, mobile networks have improved quality of service (QoS) by 
utilizing additional spectrum (higher frequencies and wider bandwidth). Therefore, 5G 
will likely also utilize higher spectrum, such as by using the millimeter-wave band due 
to its substantial available bandwidth.  
 
Additional spectrum for 5G networks is vital to satisfy 5G users demands. Extra 
spectrum at the 6-GHz band became available at the World Radio Communications 
(WRC) conference in 2015.However, this addition will fulfill only part of the 5G need. 
Substantial amounts of spectrum can be made available if the millimetre-wave band is 
utilized to fulfill all the requirements of 5G.  
 
Thus, 5G systems are expected to use millimetre-wave bands from 20–90 GHz, due 
to the availability of a wide portion of unused bandwidth. This step is revolutionary 
because millimetre-waves have very different propagation conditions, atmospheric 
absorption, and hardware constraints compared to MW. These challenges could be 
compensated by using beamforming and a larger antenna array. It is widely accepted 
that the millimetre-wave band must be used with a limited cell radius (<100 m) to 
minimize high path loss. There will be approximately 23 and 31 dB of extra path loss 
when moving the operating frequency from 2 GHz to 28 GHz and 70 GHz, respectively. 
[6,10,12] 
 
A second challenge is signal attenuation at high frequency bands. This is a serious 
issue because it limits signal propagation. The oxygen molecule absorbs 
electromagnetic energy at around 60 GHz; therefore, the free-licensed band from 57–
64 GHz has high oxygen absorption with attenuation of approximately 15 dB/km. 
Furthermore, water vapor absorbs electromagnetic energy at 164–200 GHz with even 
higher attenuation. 
 
A third challenge is that millimetre-wave signals penetrate solid materials with 
very high losses (if they can penetrate such materials at all), which makes them too 
sensitive to blockages such as buildings. High levels of attenuation could limit the use 
of millimetre-wave communication from outdoor cells to only outdoor receivers. Indoor 
coverage would thus be provided by indoor millimetre-wave small cells or Wi-Fi 
solutions. [4,6] 
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1.2.2.3. Massive MIMO and Beamforming 
 
Massive MIMO is considered when a network is equipped with a large number of 
antennas at its base stations can accommodate many co-channel users in the same 
frequency-time resources. Beamforming is a specific type of multi-antenna technique 
in which the signals transmitted to or arriving from a certain direction are combined 
coherently to obtain a SNR improvement (array or beamforming gain). [6-7,11] 
 
Beamforming and Massive MIMO are key enabling technologies for 5G systems. 
Massive MIMO can significantly improve signal strength, which could result in much 
higher cell throughput and better cell- edge performance than traditional 4G systems. 
 
One challenge with Massive MIMO is pilot contamination from nearby cells as the 
number of antennas increases. Researchers must optimize pilot orthogonality without 
consuming network resources.  
 
Secondly, due to the “massive” number of antennas used, accurate channel 
estimation is a challenging issue even with time division duplexing (TDD) due to huge 
costs and complexity. A more sophisticated algorithm is necessary to enable accurate 
channel estimation in frequency division duplexing (FDD) and to reduce signaling 
overhead.  
 
Finally, the physical size of Massive MIMO is a point of concern because it requires 
a very large-scale architecture. It will thus face pushback from the public and property 
owners regarding potential environmental issues. Moreover, larger-sized towers will 
create extra technical challenges, which will cause further pushback. However, a 
successful marriage that could address the physical size issue is to pair Massive MIMO 
with the millimetre-wave band. A realistic array size will become possible facilitating 
Massive MIMO installation. [6-7,11] 
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1.3. Motivation 
 
This Master’s Thesis is fundamentally focus on the design of planar array antennas 
at 60 GHz. This is a challenge, since the technology is not so mature as at lower 
frequencies. [4,13-15] 
 
The most common technologies used in radiofrequency circuits are microstrip and 
rectangular waveguide. These two technologies have been studied and implemented 
during decades. 
 
Therefore, the traditional microstrip patch antenna technology will be studied and 
compared in order to choose the best solution for the field of 5G applications. In 
particular, Rogers Corporation's commercial substrates will be compared to the novel 
ceramic materials known as LTCC, which are optimized for low-loss high-frequency 
multilayer circuit design. 
 
1.4. Objectives 
 
The main purpose of this Project is to design different size of planar array antennas 
at 60 GHz using Rogers substrates and LTCC. Specifically, the design, simulation and 
3D modelling of a set of prototypes are carried out using CST Microwave Studio Suite.  
 
One of the critical factor in the design of the antenna is the manufacturing 
technology, since the design process must adapt to the needs, limitations and available 
materials. The most outstanding technologies for the manufacture of this type of 
circuits are: LTCC technology and printed circuits. 
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1.5. Overview of the project 
 
A brief overview of the Project is provided below: 
 
x Chapter 2 gives a brief introduction of the most important concepts that will 
be used throughout the development of the project. 
 
x Chapter 3 explains the design of the radiating element in LTCC and the 
classical aperture coupled microstrip patch antenna using Rogers 
substrates. 
 
x Chapter 4 illustrates the array feeding networks for different size of planar 
array antennas based on each radiating element designed in Chapter 3. 
 
x Chapter 5 presents the comparison of simulation results in different 
technologies and the comparison of simulation and measurements. 
 
x Chapter 6 details the conclusions obtained from the achieved results and 
proposes the direction for future work in relation to the results obtained 
within this project. 
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 CHAPTER II: STATE OF THE ART 
 
2.1. Microstrip Patch Antenna 
 
2.1.1. Introduction 
 
The invention of microstrip antennas has been attributed to several authors, 
although Deschamps was in 1953 the first to introduce such antennas at the third 
United States Air Force (USAF) Symposium on Antennas [16]. However, it was not 
until the mid-1970’s with the development of printed-circuit technology that serious 
advancements in this type of antenna began. The development of microstrip antennas 
arose from the idea of utilizing printed-circuit technology not only for the circuit 
components and transmission lines, but also for the radiating elements of an electronic 
system. It was also at that time when the research publications started to flow with the 
appearance of the first design equations and when the first book on microstrip antennas 
was printed. Microstrip antenna technology has been the most rapidly developing topic 
in the antenna field in the last twenty-five years, receiving the creative attentions of 
academic, industrial and government engineers and researchers throughout the world. 
During this period, there have been innumerable published journal articles, books, 
symposia sessions and short courses devoted to the subject of microstrip antennas and 
arrays. As an example, Bahl and Barthia [17] or James and Hall [18] wrote classical 
guide books that are still in use. An exhaustive handbook of microstrip antennas has 
been published by them. [17-18]  
 
A wealth of information is now available about the microstrip patch antennas as a 
radiating element. As a result, those antennas have quickly evolved from academic 
novelty to commercial reality, with applications in a wide variety of microwave systems. 
In fact, microstrip patch antenna has been used in personal communication systems, 
mobile satellite communications, direct broadcast satellite, wireless local area networks 
and intelligent vehicle highway systems, such as military aircraft, missiles and rockets, 
because of its low profile, simple geometry, small size and low cost. 
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2.1.2. Basic Characteristics 
 
Conventional microstrip antennas consist of a pair of parallel conducting layers 
separated by a dielectric layer, which is referred to as the substrate. As shown in 
Figure.2.1-1. 
 
Figure 2.1-1 Typical geometry of a microstrip antenna. 
 
In this configuration, the upper conducting layer or patch is the source of radiation 
where electromagnetic energy fringes off the edges of the patch and into the substrate. 
The lower conducting layer acts as a perfectly reflecting ground plane, bouncing energy 
back through the substrate and into the free space. Although similar in operation to a 
microstrip transmission line, the patch antenna is much large in volume. Physically, 
the patch is a thin conductor (normally copper) that is an appreciable fraction of 
wavelength in extent (0.25𝜆0 - 1𝜆0 ), parallel to a ground plane and a small fraction of 
wavelength above the ground plane (0.003𝜆0 −0.2𝜆0). The patches are usually etched 
on the dielectric substrate, WHICH is usually non-magnetic. The relative permittivity 
of the substrate 𝑖𝑠 𝜖𝑟, which enhances the fringing fields that account for radiation, but 
higher values may be used under  special circumstances.[17-18] 
 
In most practical applications, the shape of the patch is rectangular, square or 
circular, but the rectangular and square are probably the most commonly used 
microstrip patch antenna because of their ease of analysis and fabrication, and their 
attractive radiation characteristics, especially low cross-polarization radiation. [17] 
However, in general, any geometry is possible, as is shown in Fig. 2.1-2. 
 
 
Figure 2.1-2 Typical shapes of patch. 
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Microstrip patch antennas make efficient radiators and are widely used in antenna 
applications. With a simple geometry, patch antennas offer many advantages not 
commonly exhibited in other antenna configurations, such as helix, horn, and reflector.  
For example, they are extremely low-profile, lightweight, simple and inexpensive to 
fabricate using printed circuit board technology, compatible with microwave, and they 
can be conformed to planar and non-planar surfaces. In addition, once the shape and 
operating mode of the patch are selected, designs become very versatile in terms of 
operating frequency, polarization, pattern, and impedance. The variety in designs that 
are possible with microstrip antennas probably exceeds that of any other type of 
antenna element. 
 
Despite the many advantages of patch antennas, they do have some considerable 
drawbacks. One of the main limitations with patch antennas is their inherently 
narrowband performance due to their resonant nature. With bandwidths as low as a 
few percent, broadband applications using conventional patch designs are limited. 
Some approaches have been developed for bandwidth enhancement: one way to increase 
the bandwidth is to either increase the height of the dielectric or decrease the dielectric 
constant. Other drawbacks of patch antennas include low efficiencies, limited power 
capacity (because of the small separation of the radiating patch and its ground plane), 
spurious feed radiation (due to the unwanted surface waves), poor polarization purity, 
and manufacturing tolerance problems. 
 
Though decades of research, it was identified that the performance and operation of 
a microstrip antenna is driven mainly by the geometry of the printed patch and the 
material characteristics of the substrate onto which the antenna is printed. [18-19] 
Therefore, it is conceivable that with proper manipulations to the substrate, improved 
antenna performance can result. 
 
Commercial substrate materials are readily available for use at RF and microwave 
frequencies, specifically for the design of microstrip antennas and printed circuits. 
Selection is based on desired material characteristics for optimal performance over 
specific frequency ranges. Common manufacture specifications include dielectric 
constant, dissipation factor (loss tangent), thickness and Young’s modulus. Values for 
dielectric constants range in 1 ≤ 𝜀𝑟 ≤12 for operation at frequencies ranging from 1 to 
100 GHz. 
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The thickness of the substrate is of considerable importance when designing 
microstrip antennas. The most desirable substrates for antenna performance are the 
ones that are thick with a low dielectric constant. This results in an antenna with a 
large bandwidth and high efficiency due to the loosely bound fringing fields.  However, 
this comes at the expense of large volume antenna and increased probability of spurious 
feed radiation and surface wave formation. On the other hand, thin substrates with 
high dielectric constants reduce the overall size of the antenna, since the fringing fields 
are tightly bound to the substrate. With thin substrates, coupling and electromagnetic 
interference (EMI) issues are less probable. However, because of the relatively higher 
loss tangents (dissipation factors), they are less efficient and have relatively smaller 
bandwidths. Therefore, there is a fundamental trade off that must be evaluated in the 
initial stages of the microstrip antenna design, to obtain loosely bound fields to radiate 
into free space while keeping the fields tightly bound for the feeding circuitry an avoid 
EMI. 
 
2.2. Surface Waves 
 
For over two decades, research scientists have developed several methods to 
increase the bandwidth of a patch antenna. Many of these techniques involve adjusting 
the placement or type of element used to feed the antenna. The simplest and most direct 
approach is to increase the thickness of the substrate, while using a low dielectric 
substrate. This can extend efficiency as much as 90% (if the surface waves are not 
including) and bandwidth up to 35%. However, surface waves must be included, since 
they extract power from the direct radiation pattern resulting in increased side lobe 
levels, antenna loss, and a decrease in efficiency. Moreover, as explained in the former 
section, the probability of surface wave formation increases as the thickness of the 
substrate increases. Fig 2.2-1 shows the different types of waves in a microstrip 
antenna. [17-19] 
 
 
Figure 2.2-1 Different types of waves in a microstrip patch antenna. 
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As a patch antenna radiates, a portion of the total available power for direct 
radiation becomes trapped along the surface of the substrate. This trapped 
electromagnetic energy leads to the development of surface waves. In fact, the ratio of 
power that is radiated into the substrate compared to the power that is radiated into 
air is approximately (𝜀𝑟
3
2⁄ : 1). This is governed by the rules of the total internal 
reflection. The prevention of surface waves improves operational width, directivity, all 
while reducing sidelobes and coupling, which are common concerns in microstrip 
antenna designs. It will result in improvements in the radiation characteristics of the 
patch antenna by improving overall efficiency. 
 
Surface waves can be eliminated by using cavities, stacked substrate techniques or 
band gap substrates. However, this has the fundamental drawback of increasing the 
weight, thickness, and complexity of the microstrip antenna, thus negating many of the 
advantages of using microstrip antennas. These complications and others prevent 
microstrip antennas from becoming the standard in the microwave telecommunications 
community. 
 
2.3. Fringing Fields 
 
The radiating element of the microstrip antenna is a resonating structure. The 
patch resonates in one dimension (in its length) and radiates in the other (in its width). 
Thus, an electric field and corresponding ground plane currents are formed at the patch 
edges and that causes the radiation. The electric field exists between the patch and the 
ground plane. The E-field at one edge goes from ground to patch and on the other from 
the patch to the ground. [17-19] 
 
 
Figure 2.3-1 Electric field in a microstrip antenna. 
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Because the dimensions of the patch are finite along the length and width, the fields 
at the edges of the patch undergo fringing.  This results in fringing fields that account 
for radiation. The fringing fields shown in Fig. 2.3-1 can be represented by an 
equivalent magnetic surface 𝑀𝑠 current. Both are in the same direction, equal 
magnitude, and are separated by a distance of L. The amount of fringing is a function 
of the dimensions of the patch and the height of the substance. The fringing effect is 
associated with the thick low dielectric constant substrates. For the principal E-plane 
fringing is a function of the ratio of the length of the patch L to the height h of the 
substrate (L/h) and the dielectric constant 𝜀𝑟 of the substrate. Since for microstrip 
antennas L/h≫1, fringing is reduced. In practice, the fringing effect must be taken into 
account because it influences the resonant frequency of the antenna, so it acts as an 
additional length of the patch, as it is seen in Fig 2.3-2. It causes the effective distance 
between the radiating edges of the patch to be slightly greater than L. 
 
Because of the fringing effects, electrically the patch of the microstrip antenna looks 
greater than its physical dimensions. Therefore, in the section of antenna design, the 
calculation of patch has to take into account the fringing effects. 
 
 
Figure 2.3-2 A Microstrip patch antenna showing fringing fields. 
2.4. Feeding Methods 
 
There are several techniques to feed or transmit electromagnetic energy to a 
microstrip antenna. The most popular methods are: 
 
x Microstrip transmission line 
x Coaxial probe 
x Proximity coupling 
x Aperture coupling 
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Typical feeding methods used to excite a microstrip patch antenna are illustrated 
as follow: 
 
Figure 2.4-1 Microstrip line configuration using a direct approach. 
 
Figure 2.4-2 Probe feed configuration using a direct contact approach. 
 
The simplest feeding methods to be realized are the coaxial probe and the microstrip 
transmission line (protected on the substrate), illustrated in Fig. 2.4-1 and Fig. 2.4-2. 
The microstrip line feed is easy to fabricate, simple to match by controlling the inset 
position and it has a rather simple model. Coaxial probe feed is also easy to fabricate 
and match. Both approaches utilize direct contact with the patch to induce excitation. 
The point of excitation (contact point) is adjustable, enabling the designer to control the 
impedance match between feed and antenna, polarization, mode of operation and 
excitation frequency. Generally, for direct contact feeds, the best impedance match is 
obtained when the contact point is off-centre. This produces asymmetries in the patch 
excitation, which generate higher order modes. These higher order modes induce a 
cross-polarized component in the principal plane antenna pattern, which draw power 
from the dominant 𝑇𝑀010 mode and results in degradation of the antenna’s main beam. 
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Therefore, a trial-and-error approach is often used to obtain the optimum match for the 
direct contact feeds. 
 
Another disadvantage of the direct contact feeds is that they are inherently 
narrowband devices. These feeds, whether coaxial or microstrip, are matched to specific 
impedance (in most cases 50 Ω) for a selected range of frequencies. Operation outside 
this range automatically degrades antenna performance due to the inherent mismatch 
between the antenna and the feed. [34] 
 
Figure 2.4-3 Aperture-coupled (left) and proximity-coupled (right) configuration using a non-contacting 
approach. 
 
To overcome some of the shortcomings of the direct-coupled feeds, a variety of “non-
contacting coupled feeds” has been developed. The two main configurations are the 
aperture-coupled and proximity-coupled feeds (Figure 2.4-3). The aperture-coupled 
configuration consists of two parallel substrates separated by a ground plane. The 
aperture coupled technique exhibits reduced transmission line radiation and enhanced 
antenna radiation and co to cross-pol performance relative to microstrip and probe feed 
configuration. These structures are electromagnetically coupled through a small 
aperture in the isolating groundplane. With this arrangement, the microstrip feed is 
designed on a thin-high dielectric constant substrate, which tightly binds the field lines, 
while the patch is designed on a thick-low dielectric constant substrate. The ground 
plane isolates the feed from the patch, and thus minimizes spurious radiation from the 
feed, which would interfere with the antenna pattern. Therefore, the design of the patch 
and the transmission line are independent, the required multilayer structure increases 
fabrication complexity and cost.  
 
In contrast, the proximity-coupled technology operates in a manner similar to that 
of the aperture-coupled configuration except that the ground plane is removed. Both 
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non-contacting feeds have similar advantages with the exception that the thickness 
changes with removal of the ground plane. In both non-contacting configurations, there 
is an undesirable increase in the removal of overall thickness of the antenna. These 
electromagnetic coupled (EMC) feed antennas have many advantages over microstrip 
transmission line and coaxial feed antennas like no physical contact between feed line 
and radiating element, no drilling required, less spurious radiation, better for array 
configuration, good suppression of higher order modes, good polarization purity, no 
cross-polarized radiation and better high frequency performance. 
 
Considering that a wide bandwidth is required and that the small size of the 
millimetre wave patch antenna doesn´t allow to feed the microstrip antenna using the 
coaxial probe it was decided to design the structures using aperture-coupled feed 
despite the fabrication complexity and cost. [19] 
 
2.5. Cofired Ceramics 
 
Co-fired ceramic devices are monolithic, ceramic microelectronic devices where the 
entire ceramic support structure and any conductive, resistive, and dielectric materials 
are fired in a kiln at the same time. Typical devices include inductors, capacitors, 
resistors and hybrid circuits. The technology is also used for a multi-layer packaging for 
the electronics industry, such as military electronics, MEMS, microprocessor and RF 
applications. [20] 
 
Co-fired ceramic devices are made by processing a number of layers independently 
and assembling them into a device as a final step. This differs from semiconductor 
device fabrication where layers are processed serially, each new layer being fabricated 
on top of previous layers. 
 
Co-firing can be divided into low temperature (LTCC) and high temperature 
(HTCC) applications: low temperature means that the sintering temperature is below 
1,000 °C (1,830 °F), while high temperature is around 1,600 °C (2,910 °F). Compared to 
LTCC, HTCC has higher resistance conductive layers. [20] 
 
 
 
                                                PLANAR ANTENNA ARRAY ON LTCC AND ROGERS SUBSTRATE FOR 5G APPLICATIONS  
 
23 
2.6. Low Temperature Cofired Ceramics (LTCC) 
 
LTCC can be defined as a multilayer circuit fabricated by laminating single green 
sheets (term for unfired tapes; Green TapeTM, Dupont) with printed conductor lines etc. 
on the surface on top of each other and firing them all together in one step. This process 
is almost similar to that of HTCC, but the big advantage of the LTCC system is the 
possibility to use low resistivity conductors like silver, gold, copper and alloys with 
palladium and platinum instead of tungsten and molybdenum. As a disadvantage, it 
has to be mentioned that these ceramics provide a bad thermal conductivity (about 2.5 
to 4 W/mK), what can, if it’s necessary, be compensated with the help of so called 
Thermal Vias which rises the thermal conductivity up to about 20 W/Mk. [21-24] 
 
It is possible to involve photo processes into the row of process steps of LTCC, but 
(nearly) all of the to be applied pastes are printed on the green sheet with the help of a 
conventional thick film technique as shown in Figure 2.6-1. Standard thick film pastes 
must not be used (except for several post fire processes; depends on material, due to the 
shrinking the tape is subjected to during the firing. This shrinking is about 10 to 15 
percent in x/y-axis (shrinkage of x- and y-axis may be different) and about 10 to 45 
percent in z-axis. [21-24] 
 
Figure 2.6-1 LTCC manufacture process steps. 
 
It is also possible to integrate passive elements like resistors, capacitors and 
inductors into the substrate. Resistors are processed with the help of special pastes, 
which have to be printed on the tape just like conductor lines and have to be post- or 
cofired as shown in Figure 2.6-2. The nowadays problem is the tolerance of buried 
resistors, which provide only values of about 30 percent. Capacitors and inductors are 
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built only with the help of special forms of the conductor lines (plates, spoils); there are 
and there will be much more materials like ferrite pastes and high-k pastes, which offer 
a great range of possibilities to process such elements. 
 
Figure 2.6-2 LTCC circuit integrating passive elements. 
 
The LTCC technology avoids many disadvantages the others have and offers a 
couple of benefits: [22-23] 
x Economizes multiple steps of the manufacture process compared with the 
conventional thickfilm technology (parallel processing);  
x Fabrication techniques are relatively simple and inexpensive;  
x Tapes of different compositions can be manufactured with desired layer 
properties;  
x Electronic circuits can be integrated, using its hybrid nature;  
x Design and manufacture 3-dimensional circuits;  
x Possibility of cutting the tape / substrate into different shapes;  
x Number of signal layers almost unlimited;  
x Ability to perform at frequencies over 30GHz;  
x Good match to semiconductor TCEs;  
x Very good hermeticity of the substrate. 
 
These ceramics provide very good properties in high frequency ranges, but the 
technology imposes certain limitations. One limitation is the size of the pieces that, due 
to restrictions on printing, cutting and alignment of layers machines, is limited to an 
area about 10 per 10 centimeters. However, this size is sufficient to mount an operative 
subarray that connects to a larger printed or machined support structure after the 
manufacturing process. Another drawback is the price for prototypes or small series, 
which improves when working in medium or large series. In Spain, the Technical 
University of Valencia has a laboratory for the manufacture of LTCC prototypes 
(http://ltcc.webs.upv.es). The designed prototypes are based on the specifications, 
materials and limitations of the last supplier. [24] 
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The following design parameters are intended to provide high manufacturing yield 
and therefore low cost and high-volume processing capabilities. More tight design rules 
are possible for specific low volume applications and/or R&D purposes. [24] 
 
The follow figure shows the most relevant design parameters: 
 
Figure 2.6-3 LTCC design parameters. 
x Minimum conductor line width and spacing (A, B) are 125 µm.  
x Minimum conductor line to via catch pad spacing (C) is 150 µm. 
x Minimum conductor line to part/substrate edge and/or cavity (D) is 150 µm.   
Minimum conductor line to SMD pad spacing (E) is 200 µm. 
x Minimum SMD pad to part/substrate edge spacing (F) is 150 µm.  
x Circular via sizes (D) from 80 µm to 800 µm diameters are allowed. 
x Cavity area should be larger than 1 x 1 mm2.  
 
From the results obtained in Chapter II, the best technology for high frequency 
application is LTCC. Figure 2.6-4 shows an example of a LTCC antenna. 
 
Figure 2.6-4 Example LTCC antenna.  
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 CHAPTER III: RADIATING ELEMENT 
DESIGN 
3.1. Introduction 
 
The large band of 7-9 GHz of unlicensed spectrum at 60 GHz appeals with multi-
gigabit per second data rates [25-26]. However, the signal propagation path loss and 
high packaging integration loss are normally higher than 20dB [27], which challenge 
the design of high-gain antennas. Microstrip patch antennas have been widely used in 
recent years because of their good characteristics: they are electrically thin, 
lightweight, low cost, conformable and they possess wider bandwidth than conventional 
patch antennas [28-30]. The first step in designing a microstrip patch antenna is to 
choose a suitable dielectric substrate. However, microstrip patch antennas have been 
traditionally fabricated on substrates such as FR4, Rogers and Taconic which typically 
exhibit permittivities no greater than 10. Low Temperature Cofired Ceramic (LTCC) 
has been regarded as a promising technology for its flexibility in realizing a number of 
layers and its highly compact vertical integration [31]. LTCC materials also have low 
permittivity and provide low loss in millimetre-wave band. Since the conductor layers 
in LTCC materials are screen-printed, aperture coupled microstrip slot antennas [32] 
are a good choice to reduce back radiation, which is an inconvenience in mobile 
communication. 
 
 In this chapter, we designed the radiating element on Rogers substrates to 
compare it with the results of LTCC at 60 GHz for 5G applications. The following table 
presents the main specifications of the single radiating element. 
 
Antenna Specifications 
Parameter Specification Units 
Frequency range 59 to 61 GHz 
Centre frequency 60 GHz 
Gain >5 dB 
Beamwidth Vertical >70 Degrees 
Beamwidth Horizontal >70 Degrees 
Table  3.1-1 Single radiating element specification. 
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3.2. Radiating Element Using Rogers Substrates 
 
Figure 3.2-1 and Figure 3.2-2 present the proposed radiating element on Rogers 
substrates, which is an aperture-coupled patch antenna with circular or square shape. 
The top substrate is a 0.127mm-Rogers 5880, whose relative permittivity Ɛr is 2.2 and 
the dissipation factor tan δis 0.0009 @ 10 GHz. It is followed by a 0.050 mm-thick 
Rogers 2929, whose relative permittivity Ɛr is 2.94 and the dissipation factor tan δis 
0.003 @ 10 GHz. The stacked layers below the Rogers 2929 are respectively a 0.018 mm-
thick groundplane with an aperture of 0.4 mm x 0.65 mm and a 0.254 mm-thick Rogers 
6010 with high relative permittivity Ɛr 10.2 (Design permittivity 10.7 see Annexes 8.3 
Datasheet Rogers 6010) and the dissipation factor tan δis 0.003 @ 10 GHz to reduce 
the size of the feeding network, thereby mitigate the back radiation and the losses of 
the conductor. Rogers Corporation doesn’t provide features at 60 GHz; therefore, we 
use the extrapolated curves of permittivity and dissipation factor as shown in Annexes 
8.5 Rogers Extrapolated Curves.  
           
Figure 3.2-1 Aperture-coupled patch using Rogers substrates. 
 
Figure 3.2-2 Stack-up of Rogers design. 
To evaluate the dimension of the patch antenna (normally λg/2) with different 
dielectric constants (𝜀𝑟𝑅𝑜𝑔𝑒𝑟𝑠 5880and 𝜀𝑟𝑅𝑜𝑔𝑒𝑟𝑠 2929) on this dual-layer substrate, an 
equivalent relative permittivity 𝜀𝑟𝑒𝑞𝑢𝑖has to be calculated to substitute the double 
substrates for an equivalent layer substrate. For these two-layers, the equivalent 
relative permittivity 𝜀𝑟𝑒𝑞𝑢𝑖  can be evaluated using the equation [39]: 
 
𝜀𝑟𝑒𝑞𝑢𝑖 =
𝜀𝑟𝑅𝑜𝑔𝑒𝑟𝑠 5880∗𝜀𝑟𝑅𝑜𝑔𝑒𝑟𝑠 2929∗(ℎ𝑅𝑜𝑔𝑒𝑟𝑠 5880+ℎ𝑅𝑜𝑔𝑒𝑟𝑠 2929)
𝜀𝑟𝑅𝑜𝑔𝑒𝑟𝑠 5880∗ℎ𝑅𝑜𝑔𝑒𝑟𝑠 2929+𝜀𝑟𝑅𝑜𝑔𝑒𝑟𝑠 2929∗ℎ𝑅𝑜𝑔𝑒𝑟𝑠 5880
  = 2.37; 
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With   𝜀𝑟𝑅𝑜𝑔𝑒𝑟𝑠 5880 = 2.2; ℎ𝑅𝑜𝑔𝑒𝑟𝑠 5880 = 0.127 mm; 𝜀𝑟𝑅𝑜𝑔𝑒𝑟𝑠 5880  = 2.94 and ℎ𝑅𝑜𝑔𝑒𝑟𝑠 2929 =
0.050 mm. 
 
To calculate a 50 Ω microstrip feed line width, we use the macro option in CST 
Microwave Studio Suite introducing the substrate’s height and the dielectric constant.  
 
Once we have all the calculated parameters, we initiate the simulation with the 
theoretical values. Figure 3.2-3 presents the S11 of the Rogers circular design, we can 
observe that the resonance frequency is located near 56 GHz, so we have to reduce the 
patch diameter to rise the resonance frequency and optimize the stub which is the 
distance from the centre of the slot to the open circuit. Figure 3.2-4 and Figure 3.2-5 
present the effect over the return losses of variations in the patch radius: we can 
observe that the suitable radio is near 0.7 mm. Figure 3.2-6 and Figure 3.2-7 present 
the effect over the return losses of variations in the stub length: we can see that 
increasing the stub length, the loop opens more.  
 
Figure 3.2-3 S11 of Rogers circular design. 
 
Figure 3.2-4 Patch radius influence (a)S-parameter. 
 
Figure 3.2-5 Patch radius influence (b) Smith Chart. 
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Figure 3.2-6 Stub influence (a) S-parameter. 
 
 
Figure 3.2-7 Stub influence (b) Smith Chart. 
 
Figure 3.2-8 presents the S11 of the Rogers square design, we can observe that the 
obtained result is almost a short circuit, so we initiate a parametric study of the patch 
dimension and the stub. Figure 3.2-9 and Figure 3.2-10 present the effect present the 
effects over the return losses with variations of the patch length: we can observe that 
the suitable radio is 1.2 mm. Figure 3.2-11 and Figure 3.2-12 present the effect over the 
return losses of variations in the stub length: we can see that increasing the stub length, 
the loop opens more.  
 
 
Figure 3.2-8 S11 of Rogers square design. 
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Figure 3.2-9 Patch length influence (a) S-parameter. 
 
Figure 3.2-10 Patch length influence (a) Smith Chart. 
 
Figure 3.2-11 Stub influence (a) S-parameter. 
 
Figure 3.2-12 Stub influence (b) Smith Chart. 
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 Table 3.2-1 presents the optimized dimensions of the design whose simulation 
results are shown in Chapter V. 
 
 
Rogers Substrates 
Circular Square 
Patch Dimension 1.4 mm 1.34 mm 
Thickness Antenna Substrate 0.127 mm 
Thickness Prepreg Substrate 0.050 mm 
Thickness Metal 0.018 mm 
Slot 0.65 x 0.4 mm 
Thickness Feed Substrate 0.254 mm 
Microstrip feed line width (50 Ω) 0.19 mm 
Table  3.2-1 Optimized antenna dimensions using Rogers substrates. 
 
3.3. Radiating Element Using LTCC 
 
Figure 3.3-1 and Figure 3.3-2 present the structure of the proposed LTCC aperture-
coupled patch antenna using different patch topologies. The top substrate is a 0.336 
mm-thick layer of DuPont 9V7k, the bottom substrate is a 0.112 mm-thick layer of the 
same material. The relative permittivity Ɛr of the multilayer LTCC substrate is 7.1 and 
the loss tangent tan δis 0.0009 @ 100 GHz, these values are provided by Laboratory of 
high frequency (LCAF) of Universidad Politécnica de Valencia. 
   
Figure 3.3-1 Aperture-coupled patch using LTCC. 
 
Figure 3.3-2 Stack-up of LTCC design. 
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To evaluate the dimension of the patch antenna (normally λg/2) and to calculate a 
50 Ω microstrip feed line width, we use the macro option in CST Microwave Studio 
Suite introducing the substrate’s height and the dielectric constant.  
 
Once we have all the calculated parameters, we initiate the simulation with the 
theoretical values. Figure 3.3-3 presents the S11 of the LTCC circular design, we can 
observe that the resonance frequency is located over 65 GHz, so we have to increase the 
patch diameter to rise the resonance frequency and optimize the stub which is the 
distance from the centre of the slot to the open circuit. Figure 3.3-4 and Figure 3.3-5 
present the effect over the return losses of variations in the patch radius: we can 
observe that the suitable radio is near 0.6 mm. Figure 3.2-6 and Figure 3.2-7 present 
the effect over the return losses of variations in the stub length: we can see that 
increasing the stub length, the loop opens more.  
 
Figure 3.3-3 S11 of LTCC circular design. 
 
Figure 3.3-4 Patch radius influence (a) S-parameter. 
 
Figure 3.3-5 Patch radius influence (b) Smith Chart. 
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Figure 3.3-6 Stub influence (a) S-parameter. 
 
Figure 3.3-7 Stub influence (b) Smith Chart. 
 
Figure 3.3-8 presents the S11 of the LTCC square design, we can observe that the 
obtained result is almost a short circuit, so we initiate a parametric study of the patch 
dimension and the stub. Figure 3.3-9 and Figure 3.3-10 present the effect present the 
effects over the return losses with variations of the patch length: we can observe that 
the suitable radio is 1.2 mm. Figure 3.3-11 and Figure 3.3-12 present the effect over the 
return losses of variations in the stub length: we can see that increasing the stub length, 
the loop opens more.  
 
Figure 3.3-8 S11 of LTCC square design. 
 
Figure 3.3-9 Patch length influence (a) S-parameter. 
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Figure 3.3-10 Patch length influence (b) Smith Chart. 
 
Figure 3.3-11 Stub influence (a) S-parameter. 
 
Figure 3.3-12 Stub influence (b) Smith Chart. 
 
Table 3.3-1 shows the optimized dimensions of the design whose simulation 
results are shown in Chapter V. 
 
 
LTCC 
Circular Square 
Patch Dimension 0.62 mm 0.55 mm 
Thickness Antenna Substrate 0.336 mm 
Thickness Metal 0.020 mm 
Slot 0.65 x 0.4 mm 
Thickness Feed Substrate 0.112 mm 
Width Microstrip Feed Line (50 Ω) 0.13 mm 
Table  3.3-1 Optimized LTCC antenna dimensions. 
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Chapter IV 
Array Antenna Design 
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 CHAPTER IV: ARRAY ANTENNA 
DESIGN 
 
In order to achieve greater directivity and gain, the elemental designs of Chapter 3 
are utilized to propose 1x2, 2x2, 4x4 array antennas. The dimensions of the elemental 
patch antenna remain the same (see Table 3.2-1 and Table 3.2-1). To distribute the 
power among in the subarray, either T-dividers or Wilkinson dividers can be used. The 
main differences between a regular T-divider and a Wilkinson divider are that in 
Wilkinson divider all the ports are matched and output ports are isolated. To avoid the 
use of additional resistance, we choose the T-divider.  
 
A quarter-wave transformer microstrip line is used to maintain a 50 Ωimpedance. 
However, the discontinuity of the power divider increases the back radiation. Since this 
is a problem, this chapter presents optimized T-junction –based feeing networks that 
reduce the back lobe radiation of 1x2. 2x2 and 4x4 arrays. The junction angle of the 
different designs is optimized to distribute equal power to the radiating elements of the 
arrays. To reduce the mutual coupling between radiating elements, the optimized value 
of the inter-element spacing is chosen to be 0.6 λ. The patches are given 180-degrees 
phase rotation (corresponding half lambda) with respect to the pair below, instead of 
using an equal feeding phase approach. 
 
 
4.1. Feeding Network Using Rogers Substrates 
4.1.1. 1x2 Feeding Network 
 
Figure 4.1-1 presents the structure of feeding network for a 1x2 array whose 
dimensions are shown in Table 4.1-1. There are two choices to feed each output with a 
different phase: the first option to introduce a phase shift is to add an extra meander 
line, and the second option consists of moving the position of the T-divider to change 
the relative length of the arm. To avoid the extra conductor losses, we choose the second 
option. In order to introduce 180-degree phase rotation, the length of one arm, L2 is 
λg/2 larger than the length of the other arm L1. 
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Figure 4.1-1 Feeding network 1x2 Rogers design. 
Table 4.4-1 shows the dimensions of the T-divider after optimization using Rogers 
Substrates. The optimized parameters are the width and length of the quarter-wave 
transformer and the junction angle. 
 
 
Rogers Substrates 
Circular Square 
Dimension array 3 mm x 6 mm 
element spacing 3 mm (0.6 O0) 
W_line 0.19 mm 
W_tf4 0.45 mm 
L_tf4 0.56 mm 
L1 1.1 mm 
L2 2.0 mm 
Table  4.1-1 Optimized array feeding network dimensions using Rogers Substrates. 
 
Figure 4.1-2 shows the S-parameters in module of the previous T-divider. In this 
figure, we can observe that the parameter S11 is below -20 dB from 57 GHz to 62 GHz 
and the output amplitude balance between the output ports is close to -3 dB.  
 
Figure 4.1-2 S-parameter of the T-divider in module . 
 
Figure 4.1-3 present the phase of each output port of the previous T-divider. We can 
observe that the phase difference between both arms is 180 degrees. 
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Figure 4.1-3 Phase difference between each output port. 
 
4.1.2. 1x4 Feeding Network 
 
Figure 4.1-4 presents a 1x4 feeding networks based on multiple 1x2 feeding 
networks similar to that described in the previous section. We can distribute the power 
to four radiating elements using multi-section 1x2 T-power divider. 
 
     
Figure 4.1-4 Feeding network 1x4 Rogers design. 
Figure 4.1-5 shows the S-parameters in module of the 1x4 T-divider. In this figure 
we can observe that the parameter S11 is below -15 dB from 55 GHz to 62 GHz and the 
power at the output ports is near -6 dB. 
 
Figure 4.1-5 S-parameter of the 1x4 T-divider in module . 
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Figure 4.1-6 shows the phase of the output ports 2 and 3 on the left of the previous 
T-divider. We can observe that the phase difference is 180 degrees. Due to its symmetry 
that the phase difference between port 4 and 5 is the same.  
 
Figure 4.1-6 Phase difference between port 2 and 3. 
4.1.3. 1x16 Feeding Network 
 
Figure 4.1-8 shows the 1x16 feeding network based on four subarray feed 1x4.The 
idea of this corporate feed is the same as the previous one considering that each feed 
1x4 is a port. 
        
Figure 4.1-7 Feeding network 1x16 Rogers design. 
 
Figure 4.1-9 shows the S-parameters in module of the 1x16 T-divider. In this figure 
we can observe that the parameter S11 is below -17 dB from 59 GHz to 61 GHz and the 
output port power amplitude are not the same. The difference between them are 
considerable, the maximum difference is near 3 dB. The reasons of this unbalanced 
amplitude are the coupling between feeding lines and the losses for different lengths 
 
Figure 4.1-8 S-parameter of the 1x16 T-divider in module. 
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Figure 4.1-10 shows the phase of the output ports 4 and 5. We can observe that the 
phase difference is 180 degrees between each other.  
 
Figure 4.1-9 Phase difference between port 4 and 5. 
4.2. Feeding Networks Using LTCC 
4.2.1. 1x2 Feeding Network 
 
Figure 4.2-1 presents the structure of the T-divider in LTCC and the optimized 
dimensions are shown in Table 4.2-1. The idea is the same as the previous Rogers 
design.  
   
Figure 4.2-1 Feeding network 1x2 LTCC design. 
Table 4.2-1 shows the dimensions of the T-divider after optimization using LTCC. 
The optimized parameters are the width and length of the quarter-wave transformer. 
In this case, we obtain better results without chamfer than with chamfer and each 
discontinuity increases the back radiation. So we decide avoid chamfer in this design.  
 
 
LTCC 
Circular Square 
Dimension array 3 mm x 6 mm 
element spacing 3 mm (0.6 O0) 
W_line 0.13 mm 
W_tf4 0.34 mm 
L_tf4 0.65 mm 
L1 1.1 mm 
L2 2.2 mm 
Table  4.2-1 Optimized array feeding network dimensions using LTCC. 
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Figure 4.2-2 shows the S-parameters in module of the T-divider in LTCC. In this 
figure, we can observe that the parameter S11 is below -20 dB from 57 GHz to 65 GHz 
and the output amplitude are close to -3 dB. 
 
Figure 4.2-2 S-parameter of the T-divider in module . 
Figure 4.2-3 presents the phase of each output port of the T-divider in LTCC. We 
can observe that the phase difference is 180 degrees. 
 
Figure 4.2-3 Phase difference between each output port. 
 
4.2.2. 1x4 Feeding Network 
 
Figure 4.2-4 presents the structure of the 1x4 T-divider in LTCC using three 1x2 
power dividers.  
 
       
Figure 4.2-4 Feeding network 2x2 LTCC design. 
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Figure 4.2-5 presents the S-parameters in module of the 1x4 T-divider. In this figure 
we can observe that the parameter S11 is below -20 dB from 58 GHz to 65 GHz and the 
output amplitude are -6 dB. 
 
Figure 4.2-5 S-parameter of the 1x4 T-divider in module. 
 
Figure 4.2-6 shows the phase of the output ports 2 and 3 on the left of the previous 
T-divider. We can observe that the phase difference is 180 degrees. Due to its symmetry 
the phase difference between port 4 and 5 is the same.  
 
Figure 4.2-6 Phase difference between port 2 and 3. 
 
4.2.3. 1x16 Feeding Network 
 
Figure 4.2-8 presents the structure of the 1x16 T-divider in LTCC using multi-
section subarray feeds of 1x4. 
     
Figure 4.2-7 Feeding network 1x16 LTCC design. 
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Figure 4.2-9 presents the S-parameters in module of the 1x16 T-divider in LTCC. 
In this figure we can observe that the parameter S11 is below -20 dB from 57.8 GHz to 
63.5 GHz and the output port power amplitudes are not the same but the difference is 
not as big as the Rogers design. 
 
Figure 4.2-8 S-parameter of the 1x16 T-divider in module. 
Figure 4.2-10 presents the phase of the output ports 2 and 3. We can observe that 
the phase difference is 180 degrees between each other. Due to its symmetry that the 
phase difference between others is the same.  
 
 
Figure 4.2-9 Phase difference between port 2 and 3. 
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 CHAPTER V: FINAL SIMULATION 
MODELS 
 
Simulation models are increasingly being used to solve problems and to aid in 
decision-making. The developers and users of these models, the decision makers using 
information obtained from the results of these models, and the individuals affected by 
decisions based on such models are all rightly concerned with whether a model and its 
results are correct. [35] 
 
One of the techniques to validate if our simulation is true is using different solvers 
to obtain the results. When the obtained results from different solvers are similar, we 
can say that our analysis is valid. [35] CST Microwave Studio (CST MWS) offers the 
choice of multiple powerful solver modules. It also includes modules based on numerous 
different methods including finite element method (FEM), method of moments (MoM), 
multilevel fast multipole method (MLFMM) and shooting boundary ray (SBR), each 
offering distinct advantages in their own domains. The Transient Solver (TS) of CST 
MWS and the frequency domain solver (FS) are general purpose 3D EM simulator. [36] 
 
In this chapter, we will present the results obtained of simulation such as S11, 
radiation pattern in 3D and radiation pattern in E & H plane of different array 
antennas using Transient Solver (TS) and frequency domain solver (FS).   
 
Then we will compare these results in the aspects of S11, bandwidth, losses, 
radiation efficiency, gain, directivity and side lobe level (SLL). 
 
 
5.1. Rogers Designs 
5.1.1. S11 Comparison Between Frequency Domain Solver (FS) and 
Transient Solver (TS) 
 
In this section, we present the parameter S11 of the single radiating elements, 1x2 
array, 2x2 array and 4x4 array antennas using different patch topologies and different 
solvers. 
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Figure 5.1-1 presents the S11 parameter of the single radiating elements of circular 
and square patches using Rogers substrates. We can observe that the results obtained 
are very similar in TS and FS. 
  
Figure 5.1-1 S11 comparison radiating element Rogers design. 
 
Figure 5.1-2 presents the S11 parameter of the 1x2 array of circular and square 
patches using Rogers substrates. We can observe that the results obtained are very 
similar in TS and FS. 
  
Figure 5.1-2 S11 comparison array 1x2 Rogers design. 
Figure 5.1-3 presents the S11 parameter of the 2x2 array of circular and square 
patches using Rogers substrates. We can observe that the results obtained are very 
similar in TS and FS. 
  
Figure 5.1-3 S11 comparison array 2x2 Rogers design. 
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Figure 5.1-3 presents the S11 parameter of the 4x4 array of circular and square 
patches using Rogers substrates. We can observe that the obtained results are different 
at our bandwidth, but they are below -20 dB, the reason of the difference can be 
numerical error in different solvers. 
  
Figure 5.1-4 S11 comparison array 4x4 Rogers design. 
5.1.2. Radiation Patterns in 3D 
In this section, we present the radiation patterns in 3D at the lower frequency, 
centre frequency and upper frequency of the single radiating elements, 1x2 array, 2x2 
array and 4x4 array antennas using different patch topologies and different solvers. All 
the figures (a) are obtained by using frequency domain solver (FS) and all the figures 
(b) are obtained by using Transient Solver (TS).  
5.1.2.1. Radiating element with circular patch 
 
Figure 5.1-5 presents the radiation patterns at 59 GHz in 3D of Rogers circular 
radiating element. 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.1-5 Radiation patterns at 59 GHz of Rogers circular radiating element. 
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Figure 5.1-6 presents the radiation patterns at 60 GHz in 3D of Rogers circular 
radiating element. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.1-6 Radiation patterns at 60 GHz of Rogers circular radiating element. 
 
Figure 5.1-7 presents the radiation patterns at 61 GHz in 3D of Rogers circular 
radiating element. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.1-7 Radiation patterns at 61 GHz of Rogers circular radiating element. 
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5.1.2.2. Radiating element with square patch 
 
Figure 5.1-8 presents the radiation patterns at 59 GHz in 3D of Rogers square 
radiating element. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.1-8 Radiation patterns at 59 GHz of Rogers square radiating element. 
 
Figure 5.1-9 presents the radiation patterns at 60 GHz in 3D of Rogers square 
radiating element. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.1-9 Radiation patterns at 60 GHz of Rogers square radiating element. 
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Figure 5.1-10 presents the radiation patterns at 61 GHz in 3D of Rogers square 
radiating element. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.1-10 Radiation patterns at 61 GHz of Rogers square radiating element. 
 
5.1.2.3. Array 1x2 using circular patches 
 
Figure 5.1-11 presents the 1x2 array radiation patterns at 59 GHz in 3D using 
Rogers circular radiating elements. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.1-11 Radiation patterns of 1x2 array at 59 GHz using Rogers circular radiating elements. 
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Figure 5.1-12 presents the 1x2 array radiation patterns at 60 GHz in 3D using 
Rogers circular radiating elements. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.1-12 Radiation patterns of 1x2 array at 60 GHz using Rogers circular radiating elements. 
Figure 5.1-13 presents the 1x2 array radiation patterns at 61 GHz in 3D using 
Rogers circular radiating elements. 
 
 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.1-13 Radiation patterns of 1x2 array at 61 GHz using Rogers circular radiating elements. 
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5.1.2.4. Array 1x2 using square patches 
 
Figure 5.1-14 presents the 1x2 array radiation patterns at 59 GHz in 3D using 
Rogers square radiating elements. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.1-14 Radiation patterns of 1x2 array at 59 GHz using Rogers square radiating elements. 
 
Figure 5.1-15 presents the 1x2 array radiation patterns at 59 GHz in 3D using 
Rogers square radiating elements. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.1-15 Radiation patterns of 1x2 array at 60 GHz using Rogers square radiating elements. 
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Figure 5.1-16 presents the 1x2 array radiation patterns at 59 GHz in 3D using 
Rogers square radiating elements. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.1-16 Radiation patterns of 1x2 array at 61 GHz using Rogers square radiating elements. 
5.1.2.5. Array 2x2 using circular patches  
 
Figure 5.1-17 presents the 2x2 array radiation patterns at 59 GHz in 3D using 
Rogers circular radiating elements. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.1-17 Radiation patterns of 2x2 array at 59 GHz using Rogers circular radiating elements. 
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Figure 5.1-18 presents the 2x2 array radiation patterns at 60 GHz in 3D using 
Rogers circular radiating elements. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.1-18 Radiation patterns of 2x2 array at 60 GHz using Rogers circular radiating elements. 
Figure 5.1-19 presents the 2x2 array radiation patterns at 61 GHz in 3D using 
Rogers circular radiating elements. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.1-19 Radiation patterns of 2x2 array at 61 GHz using Rogers circular radiating elements. 
 
 
                                                PLANAR ANTENNA ARRAY ON LTCC AND ROGERS SUBSTRATE FOR 5G APPLICATIONS  
 
56 
5.1.2.6. Array 2x2 using square patches 
 
Figure 5.1-20 presents the 2x2 array radiation patterns at 59 GHz in 3D using 
Rogers square radiating elements. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.1-20 Radiation patterns of 2x2 array at 59 GHz using Rogers square radiating elements. 
 
Figure 5.1-21 presents the 2x2 array radiation patterns at 60 GHz in 3D using 
Rogers square radiating elements. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.1-21 Radiation patterns of 2x2 array at 60 GHz using Rogers square radiating elements. 
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Figure 5.1-22 presents the 2x2 array radiation patterns at 61 GHz in 3D using 
Rogers square radiating elements. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.1-22 Radiation patterns of 2x2 array at 61 GHz using Rogers square radiating elements. 
 
5.1.2.7. Array 4x4 using circular patches 
 
Figure 5.1-23 presents the 4x4 array radiation patterns at 59 GHz in 3D using 
Rogers circular radiating elements. 
  
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.1-23 Radiation patterns of 4x4 array at 59 GHz using Rogers circular radiating elements. 
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Figure 5.1-24 presents the 4x4 array radiation patterns at 60 GHz in 3D using 
Rogers circular radiating elements. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.1-24 Radiation patterns of 4x4 array at 60 GHz using Rogers circular radiating elements. 
 
Figure 5.1-25 presents the 4x4 array radiation patterns at 61 GHz in 3D using 
Rogers circular radiating elements. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.1-25 Radiation patterns of 4x4 array at 61 GHz using Rogers circular radiating elements. 
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5.1.2.8. Array 4x4 using square patches  
 
Figure 5.1-26 presents the 4x4 array radiation patterns at 59 GHz in 3D using 
Rogers square radiating elements. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.1-26 Radiation patterns of 4x4 array at 59 GHz using Rogers square radiating elements. 
 
Figure 5.1-27 presents the array 4x4 radiation patterns at 60 GHz in 3D using 
Rogers square radiating elements. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.1-27 Radiation patterns of 4x4 array at 60 GHz using Rogers square radiating elements. 
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Figure 5.1-28 presents the 4x4 array radiation patterns at 61 GHz in 3D using 
Rogers square radiating elements. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.1-28 Radiation patterns of 4x4 array at 61 GHz using Rogers square radiating elements.  
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5.1.3. Comparison Radiation Pattern Between Frequency Solver (FS) and 
Transient Solver (TS) 
In this section, we present the radiation patterns at inferior frequency, centre 
frequency and upper frequency in φ = 0º and φ = 90º of the single radiating elements, 
1x2 array, 2x2 array and 4x4 array antennas using different patch topologies and 
different solvers.  
5.1.3.1. Radiating element with circular patch 
Figure 5.1-29 presents the comparison of Rogers circular radiation patterns in φ = 
0º and φ = 90º using FS and TS at 59,60 and 61 GHz. We can observe a good frequency 
behavior, the crosspolar level is always below -20 dB and the obtained results from FS 
and TS are very similar. 
  
(a) φ = 0º at 59,60,61 GHz (FS) (b) φ = 90º at 59,60,61 GHz (FS) 
  
(c) φ = 0º at 59,60,61 GHz (TS) (d) φ = 90º at 59,60,61 GHz (TS) 
  
(e) φ = 0º Comparison FS vs TS (f) φ = 90º Comparison FS vs TS 
Figure 5.1-29 Comparison of radiation patterns in E & H planes of Rogers circular radiating element.  
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5.1.3.2. Radiating element with square patch 
 
Figure 5.1-30 presents the comparison of Rogers square radiation patterns in φ = 0º 
and φ = 90º using FS and TS at 59,60 and 61 GHz. We can observe a good frequency 
behavior and the obtained results from FS and TS are very similar except for the 
crosspolar level in φ = 0º. 
 
  
(a) φ = 0º at 59,60,61 GHz (FS) (b) φ = 90º at 59,60,61 GHz (FS) 
  
(c) φ = 0º at 59,60,61 GHz (TS) (d) φ = 0º at 59,60,61 GHz (TS) 
  
(e) φ = 0º Comparison FS vs TS (f) φ = 90º Comparison FS vs TS 
Figure 5.1-30 Comparison of radiation patterns in E & H planes of Rogers square radiating element. 
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5.1.3.4. Array 1x2 using circular patches 
 
Figure 5.1-31 presents the comparison of 1x2 array Rogers circular radiation 
patterns in φ = 0º and φ = 90º using FS and TS at 59,60 and 61 GHz. We can observe a 
good frequency behavior and the obtained results from FS and TS are very similar, 
although in this case the crosspolar level is higher. 
 
  
(a) φ = 0º at 59,60,61 GHz (FS) (b) φ = 90º at 59,60,61 GHz (FS) 
  
(c) φ = 0º at 59,60,61 GHz (TS) (d) φ = 90º at 59,60,61 GHz (TS) 
  
(e) φ = 0º Comparison FS vs TS (f) φ = 90º Comparison FS vs TS 
Figure 5.1-31 Comparison of radiation patterns in E & H planes of 1x2 array using Rogers circular 
radiating elements. 
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5.1.3.1. Array 1x2 using square patches 
 
Figure 5.1-32 presents the comparison of 1x2 array Rogers square radiation 
patterns in φ = 0º and φ = 90º using FS and TS at 59,60 and 61 GHz. We can observe a 
good frequency behavior and the obtained results from FS and TS are very similar. 
 
  
(a) φ = 0º at 59,60,61 GHz (FS) (b) φ = 90º at 59,60,61 GHz (FS) 
  
(c) φ = 0º at 59,60,61 GHz (TS) (d) φ = 90º at 59,60,61 GHz (TS) 
  
(e) φ = 0º Comparison FS vs TS (f) φ = 90º Comparison FS vs TS 
Figure 5.1-32 Comparison of radiation patterns in E & H planes of 1x2 array using Rogers square 
radiating elements. 
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5.1.3.3. Array 2x2 using circular patches 
 
Figure 5.1-33 presents the comparison of 2x2 array Rogers circular radiation 
patterns in φ = 0º and φ = 90º using FS and TS at 59,60 and 61 GHz. We can observe a 
good frequency behavior and the obtained results from FS and TS are very similar and 
the back radiation is high because of the non-optimal T-divider. 
 
  
(a) φ = 0º at 59,60,61 GHz (FS) (b) φ = 90º at 59,60,61 GHz (FS) 
  
(c) φ = 0º at 59,60,61 GHz (TS) (d) φ = 90º at 59,60,61 GHz (TS) 
  
(e) φ = 0º Comparison FS vs TS (f) φ = 90º Comparison FS vs TS 
Figure 5.1-33 Comparison of radiation patterns in E & H planes of 2x2 array  using Rogers circular 
radiating elements. 
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5.1.3.5. Array 2x2 using square patches 
 
Figure 5.1-34 presents the comparison of 2x2 array Rogers square radiation 
patterns in φ = 0º and φ = 90º using FS and TS at 59,60 and 61 GHz. We can observe a 
good frequency behavior and the obtained results from FS and TS are very similar and 
the back radiation is high because of the non-optimal T-divider. 
 
  
(a) φ = 0º at 59,60,61 GHz (FS) (b) φ = 90º at 59,60,61 GHz (FS) 
  
(c) φ = 0º at 59,60,61 GHz (TS) (d) φ = 90º at 59,60,61 GHz (TS) 
  
(e) φ = 0º Comparison FS vs TS (f) φ = 90º Comparison FS vs TS 
Figure 5.1-34 Comparison of radiation patterns in E & H planes of 2x2 array using Rogers square 
radiating elements. 
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5.1.3.7. Array 4x4 using circular patches 
 
Figure 5.1-35 presents the comparison of 4x4 array Rogers circular radiation 
patterns in φ = 0º and φ = 90º using FS and TS at 59,60 and 61 GHz. We can observe a 
good frequency behavior and the obtained results from FS and TS are very similar. 
 
  
(a) φ = 0º at 59,60,61 GHz (FS) (b) φ = 90º at 59,60,61 GHz (FS) 
  
(c) φ = 0º at 59,60,61 GHz (TS) (d) φ = 90º at 59,60,61 GHz (TS) 
  
(e) φ = 0º Comparison FS vs TS (f) φ = 90º Comparison FS vs TS 
Figure 5.1-35 Comparison of radiation patterns in E & H planes of 4x4 array using Rogers circular 
radiating elements. 
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5.1.3.9. Array 4x4 using square patches 
 
Figure 5.1-36 presents the comparison of 4x4 array Rogers square radiation 
patterns in φ = 0º and φ = 90º using FS and TS at 59,60 and 61 GHz. We can observe a 
good frequency behavior and the obtained results from FS and TS are very similar. 
 
  
(a) φ = 0º at 59,60,61 GHz (FS) (b) φ = 90º at 59,60,61 GHz (FS) 
  
(c) φ = 0º at 59,60,61 GHz (TS) (d) φ = 90º at 59,60,61 GHz (TS) 
  
(e) φ = 0º Comparison FS vs TS (f) φ = 90º Comparison FS vs TS 
Figure 5.1-36 Comparison of radiation patterns in E & H planes of 4x4 array using Rogers square 
radiating elements. 
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5.2. LTCC Designs 
 
In this section, we present the S11 parameter of single radiating elements, 1x2 array, 
2x2 array and 4x4 array antennas using different patch topologies and different solvers. 
5.2.1. S11 Comparison Between Frequency Solver (FS) and Transient 
Solver (FS) 
 
Figure 5.2-1 presents the S11 parameter of the radiating elements of circular and 
square patches using LTCC. We can observe that the results obtained are very similar 
in TS and FS. 
 
  
Figure 5.2-1 S11 comparison single radiating element LTCC design. 
 
Figure 5.2-2 presents the S11 parameter of the 1x2 array of circular and square 
patches using LTCC. We can observe that the results obtained are very similar in TS 
and FS. 
 
  
Figure 5.2-2 S11 comparison 1x2 array  LTCC design. 
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Figure 5.3-2 presents the parameter S11 of the 2x2 array of circular and square 
patches using LTCC. We can observe that the results obtained are very similar in TS 
and FS. 
 
  
Figure 5.2-3 S11 comparison 2x2 array LTCC design. 
 
Figure 5.3-4 presents the parameter S11 of the 4x4 array of circular and square 
patches using LTCC. We can observe that the results obtained are very similar in TS 
and FS. 
 
  
Figure 5.2-4 S11 comparison 4x4 array LTCC design. 
 
 
5.2.2. Radiation Patterns in 3D 
 
In this section, we present the radiation patterns in 3D at the lower frequency, 
centre frequency and upper frequency of single radiating elements, 1x2 array, 2x2 array 
and 4x4 array antennas using different patch topology and different solvers. All the 
figures (a) are obtained by using frequency domain solver (FS) and all the figures (b) 
are obtained by using Transient (TS).  
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5.2.2.1. Radiating element with circular patch 
 
Figure 5.2-5 presents the radiation patterns at 59 GHz in 3D of LTCC circular 
radiating element. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.2-5 Radiation patterns at 59 GHz of LTCC circular radiating element. 
 
Figure 5.2-6 presents the radiation patterns at 60 GHz in 3D of LTCC circular 
radiating element. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.2-6 Radiation patterns at 60 GHz of LTCC circular radiating element. 
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Figure 5.2-7 presents the radiation patterns at 61 GHz in 3D of LTCC circular 
radiating element. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.2-7 Radiation patterns at 61 GHz of LTCC circular radiating element. 
 
5.2.2.2. Radiating element with square patch 
 
Figure 5.2-8 presents the radiation patterns at 59 GHz in 3D of LTCC square 
radiating element. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.2-8 Radiation patterns at 59 GHz of LTCC square radiating element. 
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Figure 5.2-9 presents the radiation patterns at 60 GHz in 3D of LTCC square 
radiating element. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.2-9  Radiation patterns at 60 GHz of LTCC square radiating element. 
 
Figure 5.2-10 presents the radiation patterns at 61 GHz in 3D of LTCC square 
radiating element. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.2-10  Radiation patterns at 61 GHz of LTCC square radiating element. 
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5.2.2.3. 1x2 array using circular patches 
 
Figure 5.2-11 presents the 1x2 array radiation patterns at 59 GHz in 3D using 
LTCC radiating elements. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.2-11 Radiation patterns of 1x2 array at 59 GHz using LTCC circular radiating elements. 
 
Figure 5.2-12 presents the 1x2 array radiation patterns at 60 GHz in 3D using 
LTCC circular radiating elements. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.2-12 Radiation patterns of 1x2 array at 60 GHz using LTCC circular radiating elements. 
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Figure 5.2-13 presents the 1x2 array radiation patterns at 61 GHz in 3D using 
LTCC circular radiating elements. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.2-13 Radiation patterns of 1x2 array at 61GHz using LTCC circular radiating elements. 
 
5.2.2.4. 1x2 array using square patches 
 
Figure 5.2-14 presents the 1x2 array radiation patterns at 59 GHz in 3D using 
LTCC square radiating elements. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.2-14 Radiation patterns of 1x2 array at 59 GHz using LTCC square radiating elements. 
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Figure 5.2-15 presents the 1x2 array radiation patterns at 60 GHz in 3D using 
LTCC square radiating elements. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.2-15 Radiation patterns of 1x2 array at 60 GHz using LTCC square radiating elements. 
 
Figure 5.2-16 presents the 1x2 array radiation patterns at 61 GHz in 3D using 
LTCC square radiating elements. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.2-16 Radiation patterns of 1x2 array at 61 GHz using LTCC square radiating elements. 
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5.2.2.5. 2x2 array using circular patches 
 
Figure 5.2-17 presents the 2x2 array radiation patterns at 59 GHz in 3D using 
LTCC circular radiating elements. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.2-17 Radiation patterns of array 2x2 at 59 GHz using LTCC circular radiating elements. 
 
Figure 5.2-18 presents the 2x2 array radiation patterns at 60 GHz in 3D using 
LTCC circular radiating elements. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.2-18 Radiation patterns of 2x2 array at 60 GHz using LTCC circular radiating elements. 
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Figure 5.2-19 presents the 2x2 array radiation patterns at 61 GHz in 3D using 
LTCC circular radiating elements. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.2-19 Radiation patterns of 2x2 array at 61 GHz using LTCC circular radiating elements. 
 
5.2.2.6. 2x2 array using square patches 
 
Figure 5.2-20 presents the 2x2 array radiation patterns at 59 GHz in 3D using 
LTCC square radiating elements. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.2-20 Radiation patterns of 2x2 array at 59 GHz using LTCC square radiating elements. 
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Figure 5.2-21 presents the 2x2 array radiation patterns at 60 GHz in 3D using 
LTCC square radiating elements. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.2-21 Radiation patterns of 2x2 array at 60 GHz using LTCC square radiating elements. 
 
Figure 5.2-22 presents the 2x2 array radiation patterns at 61 GHz in 3D using 
LTCC square radiating elements. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.2-22 Radiation patterns of 2x2 array at 61 GHz using LTCC square radiating elements. 
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5.2.2.7. 4x4 array using circular patches 
 
Figure 5.2-23 presents the 4x4 array radiation patterns at 59 GHz in 3D using 
LTCC circular radiating elements. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.2-23 Radiation patterns of 4x4 array at 59 GHz using LTCC circular radiating elements. 
 
Figure 5.2-24 presents the array 4x4 radiation patterns at 60 GHz in 3D using 
LTCC circular radiating elements. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.2-24 Radiation patterns of 4x4 array at 60 GHz using LTCC circular radiating elements. 
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Figure 5.2-25 presents the 4x4 array radiation patterns at 61 GHz in 3D using 
LTCC circular radiating elements. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.2-25 Radiation patterns of 4x4 array at 61 GHz using LTCC circular radiating elements. 
 
5.2.2.8. 4x4 array using square patches 
 
Figure 5.2-26 presents the array 4x4 radiation patterns at 59 GHz in 3D using 
LTCC square radiating elements. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.2-26 Radiation patterns of 4x4 array at 59 GHz using LTCC square radiating elements. 
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Figure 5.2-27 presents the 4x4 array radiation patterns at 60 GHz in 3D using 
LTCC square radiating elements. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.2-27 Radiation patterns of 4x4 array at 60 GHz using LTCC square radiating elements. 
 
Figure 5.2-28 presents the 4x4 array radiation patterns at 61 GHz in 3D using 
LTCC square radiating elements. 
 
  
  
(a) Frequency Solver (b) Transient Solver 
Figure 5.2-28 Radiation patterns of 4x4 array at 61GHz using LTCC square radiating elements. 
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5.2.3. Comparison Radiation Pattern Between Frequency Solver (FS) and 
Transient Solver (TS) 
In this section, we present the radiation patterns at the lower frequency, centre 
frequency and upper frequency in φ = 0º and φ = 90º of single radiating elements, 1x2 
array, 2x2 array and 4x4 array antennas using different patch topologies and different 
solvers.  
5.2.3.1. Radiating element with circular patch 
Figure 5.2-29 presents the comparison of LTCC circular radiation patterns in φ = 0º 
and φ = 90º using FS and TS at 59,60 and 61 GHz. We can observe a good frequency 
behavior, the crosspolar level is always below -20 dB and the obtained results from FS 
and TS are very similar. 
  
(a) φ = 0º at 59,60,61 GHz (FS) (b) φ = 90º at 59,60,61 GHz (FS) 
  
(c) φ = 0º at 59,60,61 GHz (TS) (d) φ = 90º at 59,60,61 GHz (TS) 
  
(e) φ = 0º Comparison FS vs TS (f) φ = 90º Comparison FS vs TS 
Figure 5.2-29 Comparison of radiation patterns in E & H planes of LTCC circular radiating element. 
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5.2.3.2. Radiating element with square patch 
 
Figure 5.2-30 presents the comparison of LTCC square radiation patterns in φ = 0º 
and φ = 90º using FS and TS at 59,60 and 61 GHz. We can observe a good frequency 
behavior, the obtained results from FS and TS are very similar except for the crosspolar 
level is higher in φ = 0º using FS. 
 
  
(a) φ = 0º at 59,60,61 GHz (FS) (b) φ = 90º at 59,60,61 GHz (FS) 
  
(c) φ = 0º at 59,60,61 GHz (TS) (d) φ = 90º at 59,60,61 GHz (TS) 
  
(e) φ = 0º Comparison FS vs TS (f) φ = 90º Comparison FS vs TS 
Figure 5.2-30 Comparison of radiation patterns in E & H planes of LTCC square radiating element. 
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5.2.3.3. 1x2  array using circular patches 
 
Figure 5.2-31 presents the comparison of 1x2 array LTCC circular radiation 
patterns in φ = 0º and φ = 90º using FS and TS at 59,60 and 61 GHz. We can observe a 
good frequency behavior, the obtained results from FS and TS are very similar. 
 
  
(a) φ = 0º at 59,60,61 GHz (FS) (b) φ = 90º at 59,60,61 GHz (FS) 
  
(c) φ = 0º at 59,60,61 GHz (TS) (d) φ = 90º at 59,60,61 GHz (TS) 
  
(e) φ = 0º Comparison FS vs TS (f) φ = 90º Comparison FS vs TS 
Figure 5.2-31 Comparison of radiation patterns in E & H planes of 1x2 array using LTCC circular 
radiating elements. 
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5.2.3.4. 1x2 array using square patches 
 
Figure 5.2-32 presents the comparison of 1x2 array LTCC square radiation patterns 
in φ = 0º and φ = 90º using FS and TS at 59,60 and 61 GHz. We can observe a good 
frequency behavior, the obtained results from FS and TS are very similar. 
 
  
(a) φ = 0º at 59,60,61 GHz (FS) (b) φ = 90º at 59,60,61 GHz (FS) 
  
(c) φ = 0º at 59,60,61 GHz (TS) (d) φ = 90º at 59,60,61 GHz (TS) 
  
(e) φ = 0º Comparison FS vs TS (f) φ = 90º Comparison FS vs TS 
Figure 5.2-32 Comparison of radiation patterns in E & H planes of 1x2 array using LTCC square 
radiating elements. 
 
 
 
                                                PLANAR ANTENNA ARRAY ON LTCC AND ROGERS SUBSTRATE FOR 5G APPLICATIONS  
 
87 
5.2.3.5. 2x2 array using circular patches 
 
Figure 5.2-33 presents the comparison of 2x2 array LTCC circular radiation 
patterns in φ = 0º and φ = 90º using FS and TS at 59,60 and 61 GHz. We can observe a 
good frequency behavior, the obtained results from FS and TS are very similar. 
 
  
(a) φ = 0º at 59,60,61 GHz (FS) (b) φ = 90º at 59,60,61 GHz (FS) 
  
(c) φ = 0º at 59,60,61 GHz (TS) (d) φ = 90º at 59,60,61 GHz (TS) 
  
(e) φ = 0º Comparison FS vs TS (f) φ = 90º Comparison FS vs TS 
Figure 5.2-33 Comparison of radiation patterns in E & H planes of 2x2 array using LTCC circular 
radiating elements. 
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5.2.3.1. 2x2 array using square patches 
 
Figure 5.2-34 presents the comparison of 2x2 array LTCC square radiation patterns 
in φ = 0º and φ = 90º using FS and TS at 59,60 and 61 GHz. We can observe a good 
frequency behavior, the obtained results from FS and TS are very similar. 
 
  
(a) φ = 0º at 59,60,61 GHz (FS) (b) φ = 90º at 59,60,61 GHz (FS) 
  
(c) φ = 0º at 59,60,61 GHz (TS) (d) φ = 90º at 59,60,61 GHz (TS) 
  
(e) φ = 0º Comparison FS vs TS (f) φ = 90º Comparison FS vs TS 
Figure 5.2-34 Comparison of radiation patterns in E & H planes of 2x2 array using LTCC square 
radiating elements. 
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5.2.3.1. 4x4 array using circular patches 
 
Figure 5.2-35 presents the comparison of 4x4 array LTCC circular radiation 
patterns in φ = 0º and φ = 90º using FS and TS at 59,60 and 61 GHz. We can observe a 
good frequency behavior, the obtained results from FS and TS are very similar. 
 
  
(a) φ = 0º at 59,60,61 GHz (FS) (b) φ = 90º at 59,60,61 GHz (FS) 
  
(c) φ = 0º at 59,60,61 GHz (TS) (d) φ = 90º at 59,60,61 GHz (TS) 
  
(e) φ = 0º Comparison FS vs TS (f) φ = 90º Comparison FS vs TS 
Figure 5.2-35 Comparison of radiation patterns in E & H planes of 4x4 array using LTCC circular 
radiating elements. 
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5.2.3.1. 4x4 array using square patches 
 
Figure 5.2-36 presents the comparison of 4x4 array LTCC square radiation patterns 
in φ = 0º and φ = 90º using FS and TS at 59,60 and 61 GHz. We can observe a good 
frequency behavior, the obtained results from FS and TS are very similar. 
 
  
(a) φ = 0º at 59,60,61 GHz (FS) (b) φ = 90º at 59,60,61 GHz (FS) 
  
(c) φ = 0º at 59,60,61 GHz (TS) (d) φ = 90º at 59,60,61 GHz (TS) 
  
(e) φ = 0º Comparison FS vs TS (f) φ = 90º Comparison FS vs TS 
Figure 5.2-36 Comparison of radiation patterns in E & H planes of 4x4 array using LTCC square 
radiating elements. 
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5.3. Comparison Rogers vs LTCC 
 
In this section, we summarize the obtained results in the aspects of S11, bandwidth, 
losses, radiation efficiency, gain, directivity and side lobe level (SLL). 
 
5.3.1. Comparison S11 
 
Table 5.3-1 presents the S11 of Rogers designs. All the configurations fulfill the 
specification (Table 3.1-1) in the desired frequency band (59-61 GHz) with a value for 
the return losses higher than 10 dB and the bandwidth in different topologies is 
insignificant. 
 
S11 < -10 dB Rogers design 
(GHz) 
1x1 1x2 2x2 4x4 
FS TS FS TS FS TS FS TS 
Circular 58.6-61.5 
58.7-
61.6 
59.0-
61.2 
59.0-
61.3 
58.0-
61.3 
58.5-
61.5 
58.0-
63.0 
58.0-
63.0 
Square 58.7-61.3 
58.7-
61.3 
59.0-
61.4 
59.2-
61.5 
58.0-
61.3 
58.5-
61.3 
58.0-
62.5 
58.0-
62.5 
Table  5.3-1 Comparison S11 Rogers design. 
 
Table 5.3-2 presents the S11 of LTCC designs. All the configurations fulfill the 
specification (Table 3.1-1) in the desired frequency band (59-61 GHz) with a value for 
the return losses higher than 10 dB and the bandwidth in different topologies is 
insignificant. 
 
S11 < -10 dB LTCC design 
(GHz) 
1x1 1x2 2x2 4x4 
FS TS FS TS FS TS FS TS 
Circular 58.0-62.7 
58.2-
62.4 
58.2-
62.9 
58.5-
63.2 
58.4-
65.0 
58.2-
65.0 
59.0-
61.3 
59.0-
61.3 
Square 58.0-62.5 
58.3-
62.4 
58.4-
63.2 
58.0-
62.8 
58.3-
65.0 
58.0-
65.0 
59.0-
61.0 
59.0-
61.0 
Table  5.3-2 Comparison S11 LTCC design. 
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5.3.2. Comparison Efficiency 
 
Table 5.3-3 presents the radiation and total efficiencies at the centre frequency of 
Rogers circular designs. All the configurations have a high efficiency and the difference 
between solvers is insignificant. 
Efficiency at 60 GHz of Rogers circular design 
(%) 
1x1 1x2 2x2 4x4 
FS TS FS TS FS TS FS TS 
Radiation 95.1 93.6 92.8 88.2 91.5 88.3 82 86 
Total 95 93.6 92.2 88 91.2 88.2 81 85 
Table  5.3-3 Comparison Efficiency Rogers circular design. 
Table 5.3-4 presents the radiation and total efficiencies at the centre frequency of 
Rogers square designs. All the configurations have a high efficiency; larger than than 
81%. 
Efficiency at 60 GHz of Rogers square design 
(%) 
1x1 1x2 2x2 4x4 
FS TS FS TS FS TS FS TS 
Radiation 94.9 92.45 93.3 88.4 90.2 86.9 84.5 81.7 
Total 94.8 92.44 93 88.2 90 86.8 83.8 81.6 
Table  5.3-4 Comparison efficiency Rogers square design. 
Table 5.3-5 presents the radiation and total efficiencies at the centre frequency of 
LTCC circular design. All the configurations have a high efficiency and the difference 
between solvers is insignificant. 
Efficiency at 60 GHz of LTCC circular design 
(%) 
1x1 1x2 2x2 4x4 
FS TS FS TS FS TS FS TS 
Radiation 97.1 95.6 95.3 92.4 93.5 91.5 83.5 82.0 
Total 97.0 95.5 94.4 92.2 92.5 91.0 83.3 82.0 
Table  5.3-5 Comparison efficiency LTCC circular design. 
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Table 5.3-6 presents the radiation and total efficiencies at the centre frequency of 
LTCC square designs. All the configurations have a high efficiency; which is larger than 
81%. 
Efficiency at 60 GHz of LTCC square design 
(%) 
1x1 1x2 2x2 4x4 
FS TS FS TS FS TS FS TS 
Radiation 96.7 95.52 95.26 92.88 93.58 86.9 83.33 81.92 
Total 96.2 95.37 94.68 92.86 93.20 86.8 83.1 81.67 
Table  5.3-6 Comparison efficiency LTCC square design. 
 
5.3.3. Comparison Half Power Beamwidth 
 
Table 5.3-7 presents the half power beamwidth in M=0º and M=90º at the centre 
frequency of Rogers circular designs. 
Half Power Beamwidth at 60 GHz of Rogers circular design 
(º) 
1x1 1x2 2x2 4x4 
FS TS FS TS FS TS FS TS 
M=0º 82 81 79.5 83 44.1 46.1 21 21.2 
M=90º 95.3 88.3 39.4 40.4 43.7 44.8 23.4 24 
Table  5.3-7 Half power beamwidth at 60 GHz of Rogers circular design. 
 
Table 5.3-8 presents the half power beamwidth in M=0º and M=90º at the centre 
frequency of Rogers square designs. 
Half Power Beamwidth at 60 GHz of Rogers square design 
(º) 
1x1 1x2 2x2 4x4 
FS TS FS TS FS TS FS TS 
M=0º 88.1 81.1 78.7 81.3 44.9 45.9 21 21.2 
M=90º 100.8 89.5 45.6 48.8 43.4 42.5 23.5 24.0 
Table  5.3-8 Half power beamwidth at 60 GHz of Rogers square design. 
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Table 5.3-9 presents the half power beamwidth in M=0º and M=90º at the centre 
frequency of LTCC circular designs. 
 
Half Power Beamwidth at 60 GHz of LTCC circular design 
(º) 
1x1 1x2 2x2 4x4 
FS TS FS TS FS TS FS TS 
M=0º 82 81 79.5 83 44.1 46.1 21 21.2 
M=90º 95.3 88.3 39.4 40.4 43.7 44.8 23.4 24 
Table  5.3-9 Half power beamwidth at 60 GHz of LTCC circular design. 
Table 5.3-10 presents the half power beamwidth in M=0º and M=90º at the centre 
frequency of LTCC square designs. 
 
Half Power Beamwidth at 60 GHz of LTCC square design 
(º) 
1x1 1x2 2x2 4x4 
FS TS FS TS FS TS FS TS 
M=0º 88.1 81.1 78.7 81.3 44.9 45.9 21 21.2 
M=90º 100.8 89.5 45.6 48.8 43.4 42.5 23.5 24 
Table  5.3-10 Half power beamwidth at 60 GHz of LTCC square design. 
 
5.3.4. SLL 
 
Table 5.3-11 presents the side lobe level (SLL) in M=0º and M=90º at the centre 
frequency of Rogers circular designs. 
 
Side lobe level (SLL) at 60 GHz of Rogers circular design 
(dB) 
1x1 1x2 2x2 4x4 
FS TS FS TS FS TS FS TS 
M=0º -16.9 -15.5 -8.3 -11.2 -8.4 -10.5 -8.1 -8.7 
M=90º -14.2 -14.5 -8.7 -11.2 -8.4 -10.5 -7.7 -8.7 
Table  5.3-11 Side lobe level (SLL) at 60 GHz of Rogers circular design. 
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Table 5.3-12 presents the side lobe level (SLL) in M=0º and M=90º at the centre 
frequency of Rogers square design. 
Side lobe level (SLL) at 60 GHz of Rogers square design 
(dB) 
1x1 1x2 2x2 4x4 
FS TS FS TS FS TS FS TS 
M=0º -30 -16.1 -8 -11 -7.9 -9.9 -8.2 -9.1 
M=90º -12.7 -20 -8.2 -11 -7.9 -9.9 -7.9 -9.1 
Table  5.3-12 Side lobe level (SLL) at 60 GHz of Rogers square design. 
 
Table 5.3-13 presents the side lobe level (SLL) in M=0º and M=90º at the centre 
frequency of LTCC circular design. 
 
Side lobe level (SLL) at 60 GHz of LTCC circular design 
(dB) 
1x1 1x2 2x2 4x4 
FS TS FS TS FS TS FS TS 
M=0º -11.2 -9.2 -7.5 -7 -6.9 -6.4 -11.6 -11.7 
M=90º -5.8 -9.2 -7.1 -7.1 -6.4 -6.4 -11.6 -11.7 
Table  5.3-13 Side lobe level (SLL) at 60 GHz of LTCC circular design. 
Table 5.3-14 presents the side lobe level (SLL) in M=0º and M=90º at the centre 
frequency of LTCC square design. 
 
Side lobe level (SLL) at 60 GHz of LTCC square design 
(dB) 
1x1 1x2 2x2 4x4 
FS TS FS TS FS TS FS TS 
M=0º -11.5 -9.2 -7.6 -7.2 -6.4 -6.3 -11.7 -11.6 
M=90º -5.6 -9.1 -7 -7 -6.4 -6.3 -11.7 -11.6 
Table  5.3-14 Side lobe level (SLL) at 60 GHz of LTCC square design. 
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5.3.5. Gain  
 
The gain for the Rogers circular and square design is shown in Table 5.3-15 and 
Table 5.3-16 respectively. 
 
Gain of Rogers circular design 
(dB) 
1x1 1x2 2x2 4x4 
FS TS FS TS FS TS FS TS 
f = 59 GHz 6.4 6.56 8.63 8.59 11.1 11 14.57 14.61 
f = 60 GHz 6.38 6.56 8.69 8.66 11.07 11.1 14.21 14.47 
f = 61 GHz 6.3 6.5 8.54 8.48 10.83 10.98 13.64 14.03 
Table  5.3-15 Gain of Rogers circular design. 
 
Gain of Rogers square design 
(dB) 
1x1 1x2 2x2 4x4 
FS TS FS TS FS TS FS TS 
f = 59 GHz 5.95 6.56 8.61 8.58 10.62 10.73 14.56 14.58 
f = 60 GHz 6.02 6.51 8.61 8.65 10.58 10.82 14.12 14.46 
f = 61 GHz 6.09 6.42 8.34 8.48 10.17 10.43 13.39 14.04 
Table  5.3-16 Gain of Rogers square design. 
 
 
 
 
 
 
 
 
 
                                                PLANAR ANTENNA ARRAY ON LTCC AND ROGERS SUBSTRATE FOR 5G APPLICATIONS  
 
97 
The gain for the LTCC circular and square design is shown in Table 5.3-17 and 
Table 5.3-18 respectively. 
 
Gain of LTCC circular design 
(dB) 
1x1 1x2 2x2 4x4 
FS TS FS TS FS TS FS TS 
f = 59 GHz 4.73 5.34 8.16 7.93 10.8 10.5 15.87 15.64 
f = 60 GHz 5.05 5.42 8.44 8.2 11 10.7 16.5 16.3 
f = 61 GHz 5.22 5.46 8.66 8.43 11.2 10.9 16.42 16.38 
Table  5.3-17 Gain of LTCC circular design. 
Gain of LTCC square design 
(dB) 
1x1 1x2 2x2 4x4 
FS TS FS TS FS TS FS TS 
f = 59 GHz 4.77 5.34 8.18 8.00 10.7 10.4 15.9 15.6 
f = 60 GHz 5.06 5.43 8.46 8.27 10.9 10.7 16.4 16.3 
f = 61 GHz 5.23 5.46 8.68 8.5 11.1 10.85 16.36 16.38 
Table  5.3-18 Gain of LTCC square design. 
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5.3.6. Directivity 
 
The Directivity for the Rogers circular and square design is shown in Table 5.3-19 
and Table 5.3-20 respectively. 
 
Directivity of Rogers circular design 
(dBi) 
1x1 1x2 2x2 4x4 
FS TS FS TS FS TS FS TS 
f = 59 GHz 6.61 6.84 8.98 9.2 11.6 11.8 15.32 15.61 
f = 60 GHz 6.56 6.85 8.99 9.2 11.4 11.66 14.92 15.34 
f = 61 GHz 6.47 6.79 8.78 9.04 11.4 11.8 14.46 15.10 
Table  5.3-19 Directivity of Rogers circular design. 
 
Directivity of Rogers square design 
(dBi) 
1x1 1x2 2x2 4x4 
FS TS FS TS FS TS FS TS 
f = 59 GHz 6.4 7.1 9.46 9.5 11.27 11.57 15.32 15.53 
f = 60 GHz 6.2 6.85 8.95 9.18 11.02 11.42 14.88 15.23 
f = 61 GHz 6.57 7.02 8.92 9.27 10.89 11.5 14.2 14.91 
Table  5.3-20 Directivity of Rogers square design. 
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The Directivity for the LTCC circular and square design is shown in Table 5.3-21 
and Table 5.3-22 respectively. 
 
Directivity of LTCC circular design 
(dBi) 
1x1 1x2 2x2 4x4 
FS TS FS TS FS TS FS TS 
f = 59 GHz 5.01 5.7 8.66 8.46 11.38 11.04 17.3 17 
f = 60 GHz 5.16 5.62 8.69 8.55 11.35 11.15 17.25 17.17 
f = 61 GHz 5.4 5.72 8.8 8.88 11.47 11.39 17.59 17.6 
Table  5.3-21 Directivity of LTCC circular design. 
 
 
Directivity of LTCC square design 
(dBi) 
1x1 1x2 2x2 4x4 
FS TS FS TS FS TS FS TS 
f = 59 GHz 5.05 5.73 8.65 8.43 11.2 10.9 17.2 17 
f = 60 GHz 5.2 5.62 8.68 8.59 11.24 10.04 17.23 17.15 
f = 61 GHz 5.44 5.74 8.89 8.89 11.4 10.28 17.57 17.58 
Table  5.3-22 Directivity of LTCC square design. 
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 CHAPTER VI: CONCLUSIONS AND 
FUTURE TRENDS 
 
This chapter summarizes the work that has been performed within the realization 
of this master’s Thesis, along with some of the most important conclusions and future 
trends. 
 
6.1. Summary 
 
This Master’s Thesis has been concerned with the design of planar arrays at 60 GHz 
to provide wide band wireless communications in the frame of the “Enabling-5G” 
project. The contributions to this project that are included in this document can be 
summarized in four different tasks: 
 
x Design of the radiating element in Rogers substrates and LTCC (Chapter 
III). 
 
x Design of different array configurations using the previous radiating 
elements designed (Chapter IV). 
 
x Study of the influence of the patch topology in the array performance 
(Chapter IV and Chapter V). 
 
x Comparison of the obtained results in both technologies (Chapter V). 
 
The work has been performed in the GR (Radiation Group) of ETSIT (UPM). 
 
6.2. Conclusions 
 
This work has addressed the study of the classical aperture-coupled patch antennas 
using two different materials: Rogers substrates and LTCC. The main reason for this 
research topic is to choose the best option to provide high data rates at 60 GHz. We can 
conclude this work in the following points: 
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x Planar array antennas at 60 GHz are designed in this project using different 
technologies. 
 
x The patch topology doesn’t have so much influence in the design. 
 
x The obtained results from different solvers are very similar and we can 
conclude that our simulations are validated. 
 
x From the obtained simulation results, we can find that LTCC designs have 
better performance at 60 GHz band in than Rogers substrates design in 
aspects such as S-parameter, bandwidth, losses, and crosspolar level. 
 
x The Rogers substrates design can achieve higher gain and directivity with 
respect to the LTCC design excepting for the 4x4 array. 
 
x The efficiencies and half power beamwidth are similar in both designs. 
 
6.3. Future Trends 
 
In order to continue with the development of this project, the following future trends 
are proposed: 
 
x Manufacture and test the final prototype. 
 
x Characterize the PIN-diode at 60 GHz for designing the phase shifter. 
 
x Design and fabrication of a loaded line phase shifter at 60 GHz to complete 
the phased array. 
 
x Integrate the phase shifter with the array antenna in LTCC. 
 
x  Adapt the designed model in 60 GHz for working at 94 GHz. 
 
x Adapt the designed model in Inkjet Printing [38]. 
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8.2. Datasheet Rogers 2929 
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8.3. Datasheet Rogers 6010 
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8.4. Rogers Extrapolated Curves 
 
x Rogers 5880  
 
Figure 8.4-1 Rogers 5880 extrapolated permittivity curve. 
 
Figure 8.4-2 Rogers 5880 extrapolated loss tangent curve. 
x Rogers 2929 
 
Figure 8.4-3 Rogers 2929 extrapolated permittivity curve. 
 
Figure 8.4-4 Rogers 2929 extrapolated loss tangent curve. 
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x Rogers 6010 
 
Figure 8.4-5 Rogers 6010 extrapolated permittivity curve. 
 
Figure 8.4-6 Rogers 6010 extrapolated loss tangent curve. 
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8.5. Gerbers  
 
x Stack-up from Altium Designer  
 
 
 
x Layout for Rogers prototypes 
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x Layouts of Rogers Prototypes 
 
 
  
Layout for Rogers square radiating 
element prototype 
Layout for Rogers square array 1x2 
prototype 
  
Layout for Rogers square array 2x2 
prototype 
Layout for Rogers square array 4x4 
prototype 
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8.6. Fabrication Prototype 
 
Once we have all the configuration optimized, we must manufacture and measure 
the prototypes to confirm our simulations are correct.  
 
Firstly, we have to choose a suitable connector. There are two choices to connect to 
microstrip feed: the first one is to use a waveguide connector and the second one is to 
use a coaxial connector. Traditionally, we use the waveguide connector for high 
frequency applications, but nowadays we can find coaxial connectors for high frequency 
too. In this case, to simplify the measure process, we choose the coaxial connector which 
is manufactured by Southwest Microwave. Secondly, once we have our antenna with 
the connector, we have to build a supporting structure to insert our antenna into the 
measurement system.  
8.6.1. Connector End Launch 
 
Figure 8.6-1 and Figure 8.6-2 present the suitable commercial connectors offered by 
Southwest Microwave, they provide Low VSWR, wideband response to 67 GHz for 
single-layer or multi-layer printed circuit boards. [37] 
 
Figure 8.6-1 presents the connectors SMA which can be used for our antennas. Since 
the price of these connectors is very high and they cannot be reused once they are 
soldered, we must find an alternative to reduce the cost of connector. Figure 8.6-2 
presents the solution of this problem: the reusable End Launch connectors. Their main 
inconvenience is that we need via-holes to rise the groundplane to the top. 
 
Figure 8.6-1 Connectors SMA Southwest 
Microwave. 
 
 
Figure 8.6-2 Connectors End Launch Southwest 
Microwave. 
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Figure 8.6-3 presents the top view (a) and the side view (b) of the connector End 
Launch Southwest (see Annexes 8.7 Connector End Launch Southwest). 
                                                                                    
  
(a) Top view. (b) Side view. 
Figure 8.6-3 Connector End Launch Low profile Southwest Microwave top view (a) and side view (b). 
 
8.6.2. Antenna with connector End Launch 
 
Once we choose the connector, we must think about the support to connect to the 
positioner of the measurement1 system. To simplify and avoid modification on the 
previous design, we propose to use four plastic separators as support. We also have to 
increase our groundplane dimensions and make four holes with 3 mm as diameter as 
Figure 8.6-4 and Figure 8.5-5 shown.  
 
Figure 8.6-4 presents the top and bottom view of some final prototype Rogers square 
radiating element with the connector End Launch (see Annexes 8.5 Gerbers and 8.7 
Connector End Launch Southwest). 
 
  
(a) Bottom view Rogers square 
radiating element 
(b) Top view Rogers square radiating  
element 
Figure 8.6-4 Final prototype Rogers square radiating element. 
                                                PLANAR ANTENNA ARRAY ON LTCC AND ROGERS SUBSTRATE FOR 5G APPLICATIONS  
 
121 
 
Figure 8.6-5 presents the top and bottom view of the final prototype Rogers square 
array 4x4. 
  
(a) Bottom view Rogers square array 
4x4 
(b) Top view Rogers square array 
4x4 
Figure 8.6-5 Final prototype Rogers square array 4x4. 
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8.7. Connector End Launch Southwest  
 
x Datasheet Connector End Launch Southwest 
 
 
 
 
                                                PLANAR ANTENNA ARRAY ON LTCC AND ROGERS SUBSTRATE FOR 5G APPLICATIONS  
 
123 
 
 
 
 
 
 
 
 
                                                PLANAR ANTENNA ARRAY ON LTCC AND ROGERS SUBSTRATE FOR 5G APPLICATIONS  
 
124 
 
 
 
 
 
 
 
 
                                                PLANAR ANTENNA ARRAY ON LTCC AND ROGERS SUBSTRATE FOR 5G APPLICATIONS  
 
125 
 
 
 
 
 
 
 
 
                                                PLANAR ANTENNA ARRAY ON LTCC AND ROGERS SUBSTRATE FOR 5G APPLICATIONS  
 
126 
 
 
 
 
 
 
 
 
                                                PLANAR ANTENNA ARRAY ON LTCC AND ROGERS SUBSTRATE FOR 5G APPLICATIONS  
 
127 
 
 
 
 
 
 
 
 
                                                PLANAR ANTENNA ARRAY ON LTCC AND ROGERS SUBSTRATE FOR 5G APPLICATIONS  
 
128 
 
 
 
 
 
 
 
 
                                                PLANAR ANTENNA ARRAY ON LTCC AND ROGERS SUBSTRATE FOR 5G APPLICATIONS  
 
129 
 
 
 
 
 
 
 
 
                                                PLANAR ANTENNA ARRAY ON LTCC AND ROGERS SUBSTRATE FOR 5G APPLICATIONS  
 
130 
 
 
 
 
  
                                                PLANAR ANTENNA ARRAY ON LTCC AND ROGERS SUBSTRATE FOR 5G APPLICATIONS  
 
131 
8.8. Acknowledgments 
 
Simulations done in this work have been carried out using CST Microwave Studio 
Suite 2017 under a cooperation agreement between Computer Simulation Technology 
(CST) and Universidad Politécnica de Madrid. I want to acknowledge the Spanish 
Government, Ministry of Economy, National Program of Research, Development and 
Innovation for the support of the project ENABLING5G “Enabling Innovative Radio 
Technologies for 5G networks” (Project number TEC2014-55735-C3-1-R) and the 
project Spacer Debris Radar from Madrid Region Government (Project number 
S2013/ICE-3000SPADERADAR-CM). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                PLANAR ANTENNA ARRAY ON LTCC AND ROGERS SUBSTRATE FOR 5G APPLICATIONS  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Xiaoliang Sun 
Master in Signal Theory and Communications 
1st February 2018, Madrid 
 
 
                                                PLANAR ANTENNA ARRAY ON LTCC AND ROGERS SUBSTRATE FOR 5G APPLICATIONS  
 
 
